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The crystallization of amorphous metallic alloys is a complex process accompanied by 
nucleation and growth of different crystalline phases. Generally the phase composition affects 
the physical and chemical properties of a metallic alloy. Hence, detailed knowledge of the 
crystallization processes is necessary in order to tailor such industrially-relevant properties as: 
magnetic properties, electrical resistance, hardness and atmospheric corrosion resistance. 
This thesis is specifically concerned with a family of several Fe-based alloys of different 
chemical composition and stoichiometry (Fe89.8Ni1.5Si5.2B3C0.5, Fe75Ni2Si8B13C2 and 
Fe73.5Cu1Nb3Si15.5B7). They were prepared as melt-spun ribbons and annealed under vacuum 
at different temperatures in the range from 295-1123 K. For the first time, detailed analyses of 
the crystallization mechanism and corresponding properties for the crystalline phases obtained 
at the annealing temperatures higher than T> 750 K are presented. 
Differential scanning calorimetry (DSC) revealed that slow non-isothermal heating induces a 
series of stepwise structural transformations at temperatures characteristic for a given alloys. 
Kinetic parameters of crystallization were calculated from DSC data using Kissinger’s 
(Kissinger, 1957) and Ozawa’s (Ozawa, 1970) peak methods. 
The impact of stoichiometry of the Fe-Ni-Si-B-C alloys on crystalline phase evolution was 
studied in chapters 3.1 and 3.2. X-ray diffraction (XRD) analysis revealed slightly earlier 
onset of crystallization for alloy with higher atomic percent of Ni, Si, B and C, to the 
detriment of Fe contribution. 
Besides the XRD and DSC analysis, several techniques such as scanning electron microscopy 
(SEM), focused ion beam (FIB) imaging, Raman spectroscopy, Vickers microhardness and 
potentiodynamic polarization (electrochemical corrosion-resistance test) have been employed. 
Rigorous study of crystallization kinetics, mechanical properties and corrosion behaviour of 
Fe73.5Cu1Nb3Si15.5B7 alloy are described in chapters: 3.3, 3.4 and 3.5. It was found that the 
presence of Cu and Nb, although in minimal concentration, significantly affects the nucleation 
and further crystal growth. The early Cu cluster formation was confirmed by the FIB 
technique. Microhardness measurements showed that the hardening proceeded in two stages. 
Detailed relations between shear deformation mechanism, crystallite growth and Vicker’s 
hardness values are discussed. Furthermore, it was found that the corrosion resistance of the 
Fe73.5Cu1Nb3Si15.5B7 alloy is strongly related to the phase composition of the material. The 
highest corrosion resistance was observed for sample annealed at 873 K for 1h with an 







Die Kristallisation metallischer amorpher Legierungen ist, durch die Keimbildung und das 
Wachstum verschiedenster Phasen, ein komplexer Prozess. Die physikalischen und 
chemischen Eigenschaften, wie zum Beispiel magnetische Eigenschaften, elektrischer 
Widerstand, Härte und Korrosionsbeständigkeit, einer Legierung werden wesentlich von der 
Phasenzusammensetzung beeinflusst. Zur Optimierung dieser Eigenschaften ist ein 
umfassendes Wissen über den Kristallisationsprozess nötig. Diese Dissertation befasst sich 
mit Eisen-basierten Legierungen verschiedener chemischer Zusammensetzungen 
(Fe89.8Ni1.5Si5.2B3C0.5, Fe75Ni2Si8B13C2 und Fe73.5Cu1Nb3Si15.5B7). 
Die mittels „melt-spinning“ hergestellten Bänder wurden bei verschiednen Temperaturen 
(295–1123 K) im Vakuum wärmebehandelt. In dieser Arbeit wird eine detaillierte Analyse 
des Kristallisationsmechanismus und der Eigenschaften der gebildeten Phasen bei 
Temperaturen über 750 K wird erstmals beschrieben. 
Mithilfe dynamischer Differenzkalorimetrie (DDK) wurde festgestellt, dass langsames 
Erhitzen, bei charakteristischen Temperaturen, zu einer schrittweise Strukturumwandlung 
führt. Die kinetischen Parameter wurden nach Kissinger’s (Kissinger, 1957) und Ozawa’s 
Peak Methode (Ozawa, 1970) aus den DDK Daten errechnet. 
Der Einfluss der Stöchiometrie der Fe-Ni-Si-B-C Legierungen auf die Entstehung der 
gebildeten kristallinen Phasen wird in Kapitel 3.1 und 3.2 beschrieben. Die erhaltenen 
Röntgenbeugungsanalysen (RB) zeigen, das die Kristallisation bei dieser Legierung später 
beginnt, wenn der Anteil an Fe höher ist. 
Neben RB und DDK wurden noch folgende Methoden für die Charakterisierung verwendet: 
Rasterelektronenmikroskopie (REM), „Focused-Ion-Beam“-Mikroskop (FIB), Raman 
Spektroskopie, Vikers Härte und „Potentiodynamic Polarisation“ (Elektrochemischer 
Korrosionstest). 
Eine detaillierte Beschreibung der mechanischen Eigenschaften des Korrosionsverhaltens und 
der Kristallisationskinetik ist in den Kapiteln 3.3, 3.4 und 3.5 zu finden. Cu und Nb 
beeinflussen auch in geringer Konzentration die Keimbildung und das spätere Wachstum der 
kristallinen Phasen. Die frühe Bildung von Cu-Clustern wurde mittels FIB bestätigt. Aus den 
Mikrohärtemessungen ist klar ersichtlich dass die Zunahme der Härte in zwei Stufen erfolgt. 
Ein detaillierter Zusammenhang zwischen Scherdeformation, Kristallwachstum und 
Vickershärte konnte aufgezeigt werden. Die Korrosionsbeständigkeit der Fe73.5Cu1Nb3Si15.5B7 




Die größte Korrosionsbeständigkeit wurde bei der bei 873 K wärmebehandelten Probe mit 
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Since 1960, when it was discovered that rapid quenching of certain alloys from the 
melt could form previously unknown metastable crystalline phases, and amorphous solid 
phases (Jones, 1973), Fe-based amorphous and nanocrystalline alloys have been intensively 
investigated. Unique physical and chemical properties such as good tensile strength, high 
mechanical hardness, considerable toughness, low magnetic loss, fast magnetic flux reversal, 
high electrical resistivity and high corrosion resistivity make them suitable for many industrial 
applications. Soft magnetic amorphous and nanocrystalline alloys are vital components of 
many commercial power transformers (Fig. 1.1.1), solenoid valves, data communication 
interface components, electro-magnetic interference prevention components and magnetic 
recording heads (Hono, 1992).        
            
    
Fig. 1.1.1: (a) 60 Hz distribution transformer and (b) ribbon-wound cruciform distribution transformer 





The soft magnetic properties of these materials are directly dependant on their 
chemical composition, synthesis conditions and subsequent annealing procedure. Careful 
selection of the chemical elements constituting the alloy is essential in suppressing 
crystallization during synthesis and further utilisation. It is generally observed that optimal 
combinations include elements that differ significantly in atomic diameter and have different 
thermodynamically-preferred crystal structures. High packing density and low free volume in 
such alloys reduces the mobility of atoms and therefore suppresses crystallization kinetics. 
Combination of ferromagnetic elements such as Fe, Co and Ni with so-called metalloid 
elements: Si, B, C and P have proved to be particularly effective. The most stable alloys 
contain about 80 at.% transition metal and 20 at.% metalloid components (e.g. Martienssen, 
2005). 
Several commercially available Fe-based nanocrystalline alloys such as FINEMET®, 
NANOPERM® and HITPERM® are presented in Fig. 1.1.2. The role of the metallic elements 
Cu and Nb in FINEMET® alloys is to initiate nucleation of the ferromagnetic crystalline 
phase and to suppress further crystal growth, respectively. 
 
Fig. 1.1.2: Relationship between permeability, µe (at 1 kHz) and saturation polarization, Bs, for soft 




However, it is not sufficient to rely only on a careful selection of elements to ensure 
non-crystallinity. Special conditions during production must also be met. The first successful 
attempts at production of Fe-based amorphous alloys used rapid solidification of an alloy 
from the molten state (Libermann, 1976), by means of the so-called “melt-spinning” 
technique. Unfortunately, the nature of this method limits the final form of the product. 
Hence, by extremely fast cooling, amorphous alloys can be produced only as a ribbons, wires 
or foils. Therefore, several other methods have been employed, for specific industrial needs, 
in the production of amorphous metallic materials, such as physical vapor deposition (PVD), 
ion implantation, mechanical alloying, etc. The amorphous alloy samples investigated in this 
thesis were produced exclusively by the “melt-spinning” method in ribbon form. 
Suitable thermal treatments of Fe-based amorphous alloys were shown to produce 
nanocrystalline alloys with a specific phase compositions whose characteristics proved even 
better than of a same alloy in a completely amorphous state. Numerous studies have been 
conducted to relate phase composition and annealing conditions to the soft magnetic 
properties of such nanocrystalline Fe-based alloys (Sui & Zhou, 1994, Ohnuma, 2000, Polak, 
1994, Panda, 2004, Zemčík, 1991, Miao, 2011, Baron, 2007). However, scientific curiosity 
was usually rewarded with the discovery of a combination of annealing time and temperature 
that inferred optimal magnetic properties. For most Fe-based soft magnetic alloys, this is 
typically around 750 K for 30 min. At this temperature, a phase composition with a 
ferromagnetic nanocrystallites embedded in a residual amorphous phase is formed. 
Elevated working temperatures as well as prolonged utilisation of nanocrystalline alloys can 
induce structural transformations into new crystalline states, which in turn may deteriorate the 
physical and chemical properties of an alloy. Furthermore, in their widespread technological 
applications, they are often exposed to a wet atmosphere. In such environments, the ability to 
resist corrosion over extended periods is essential. The corrosion rate is dependent on the 
phase composition of these materials. Hence, to improve their practical longevity under 
normal working conditions, study of the influence of structural transformations on corrosion 
behaviour is essential. 
This thesis explores the crystallization of several different Fe-based amorphous alloys 
(Fe89.8Ni1.5Si5.2B3C0.5, Fe75Ni2Si8B13C2 and Fe73.5Cu1Nb3Si15.5B7) and their corresponding 







II. EXPERIMENTAL METHODS 
 
 
2.1 Synthesis of metallic amorphous alloys 
 
 In order to obtain amorphous microstructure, Fe-based alloys investigated in this thesis 
were synthesized by rapid solidification processing (melt-spinning) technique. In such 
systems liquid phase must remain stable up to low temperatures (systems with deep eutectics). 
These are typically metastable phases (McHenry, 1999).  
 Amorphous metallic alloys can be produced by a variety of rapid solidification 
processing routes including splat quenching, melt spinning, gas atomization and condensation 
from the gas phase. These typically require cooling rates greater than 104 K s-1. Among the 
most common rapid solidification technique is melt spinning (Fig. 2.1.1) which yields 
amorphous metallic ribbons around 20 µm in thickness. The temperature of a melt influences 
the ribbon thickness and therefore the final crystallites size distribution throughout the 
transformed ribbon after nanocrystallization. 
 
Fig. 2.1.1: Melt-spinning apparatus given schematic, used in production of amorphous metallic 
ribbons. 
 
As shown in Fig. 2.1.1 a molten alloy is pushed through the orifice of a pressurized quartz 






2.2 Differential scanning calorimetry 
 
 In order to get information about thermodynamic properties and transformation 
kinetics of the samples prior to the annealing procedure, a differential scanning calorimetry 
(DSC) was used. 
During annealing in an inert atmosphere, sample and a reference with well known heat 
capacity are kept at a same temperature. When the sample undergoes a phase transitions some 
heat is needed in order to keep both samples at the same temperature. Whether less or more 
heat must flow to the sample depends on whether the process is exothermic or endothermic. 
In the case when for example, sample undergoes exothermic processes (such as 
crystallization) less heat is required to raise the sample temperature. 
Exothermic and endothermic changes in DSC analysis of the samples described in this 
thesis were monitored using two devices: a DSC-204 C device (Netzsch, Germany) in the 
temperature range 298–973 K under an Ar atmosphere and a DSC-50 analyzer (Shimadzu, 
Japan) under nitrogen atmosphere in the temperature range up to 1123 K. Samples were 
heated in the DSC cell with a constant heating rates of 4, 5, 7, 10, 20 and 40 K min−1. A 
uniform temperature distribution was insured by using samples of reduced mass 
(approximately several milligrams). 
The apparent activation energy of crystallization for each observed crystallization step, 
as well as the frequency factor for linear heating, were determined by Kissinger’s as well as 
Ozawa’s peak method from the relationship between the exothermic peak temperature and the 
heating rate (Kissinger, 1957, Ozawa, 1970). 
 
2.3 Annealing procedure 
 
 The ribbon samples, as prepared by the melt-spinning technique were introduced into 
quartz tubes and sealed under technical vacuum to avoid oxidation during annealing. Samples 
were placed in a pre-heated oven and held at a constant temperature. Details of annealing 
procedure (exact temperature and time) for various Fe-based alloys are given in 
corresponding chapters. Annealing temperatures were chosen from results obtained by DSC 







2.4 X-ray diffraction analysis 
 
In order to get information about microstructure and phase composition of various Fe-
based alloys in amorphous and nanocrystalline state, an X-ray diffraction analysis (XRD) was 
conducted. 
A crystal lattice is a regular three-dimensional distribution of atoms in space. The 
atoms are arranged so that they form a series of parallel planes separated from one another by 
a distance d, which varies according to the nature of material. When a monochromatic X-ray 
beam with wavelength λ is incident on lattice planes in a crystal at an angle θ, diffraction 
occurs only when the distance travelled by the rays reflected from successive planes differs by 
a complete number n of wavelengths (Fig. 2.4.1). This condition is expressed by Bragg's law:  
 
θλ sin2dn =          (2.4.1)  
 
The diffracted X-rays are collected by detector at Bragg angles of 2θ. 
  
Fig. 2.4.1: Geometric derivation of Bragg’s law: constructive interference occurs when the difference 
in path between waves scattered from adjacent parallel lattice planes given by “A+B” is an integer 
multiple of the wavelength. 
 
The XRD experiments regarding this work were performed on an X-Pert powder 
diffractometer (PANalytical, Netherlands) presented in Fig. 2.4.2, using Cu-Kα radiation 
(λ=1.540·10-10 m) in Bragg-Brentano geometry. This device is equipped with a secondary 




            
  
Fig. 2.4.2: Philips X-Pert powder diffractometer (PANalytical, Netherlands). On the right side: a 
PW3068/00 automatic texture cradle ATC-3 and on the left side: diffractometer in Bragg-Brentano 
geometry. 
 
2.4.1 Rietveld refinement 
 
Besides the qualitative analysis from XRD data, a relative phase contributions, 
crystallite size and lattice constants were estimated by whole pattern (Rietveld) refinement 
and by the single peak refinement approach. The TOPAS V3 general profile and structure 
analysis software for powder diffraction data was used for this purpose (Bruker AXS, TOPAS 
V3, 2005). This program uses the “fundamental parameter approach” which enables a full 
convolution based synthesis of line profile. 
Rietveld refinement procedure was developed by Hugo Rietveld (Rietveld, 1969). 
Originally, it was created for a refinement of crystal structure from the entire powder pattern 
data obtained by neutron diffraction. This approach minimizes the impact of overlapped and 
degenerate peaks by calculating the entire powder pattern, including various experimental and 
sample dependant peak-broadening effects (Dinnebier, 2008). During time it develops in a 
powerful tool for the quantitative analysis of complex phase mixtures, texture monitoring, 
crystallite size and lattice constants estimation from the data obtained by XRD. 
Prior to the Rietveld refinement, all phases in a sample have to be indentified. Then, 
all the necessary structural information (symmetry and dimensions of the unit cell, positions 
of atoms) has to be gathered from existing data bases and entered into a starting file (Stanjek, 
2004). With all this information, the Rietveld program is able to simulate the XRD pattern. 




the Rietveld refinement is therefore, to tune individual parameters such as the relative content 
of individual phases, the profile function parameters or the unit cell dimensions to obtain 
better agreement between simulation and measurement. This procedure is called fitting and is 
done in iterative cycles. 
Although a difference profile between measured and simulated plot is probably the 
best way of following and guiding a Rietveld refinement, the fit of the calculated pattern to 
the measured data can also be given numerically. This is usually done in terms of agreement 
indices or R values (McCusker, 1999). The weighted-profile R value, Rwp, is defined as: 
 











iiiiiwp obsywcalcyobsywR    (2.4.2) 
 
 Where yi(obs) is the observed intensity at step i, yi(cal) the calculated intensity and wi 
the weight. The expression in the numerator is the value that is minimized during the Rietveld 
refinement. 














ii obsywPNR       (2.4.3) 
 
Where N is the number of observations and P is the number of parameters. 
It is important to notice that it’s not possible to find a parameter set for which Rwp=0, because 
the counting statistics in measured patterns limit Rwp to a minimum value Rexp (Stanjek, 
2004). The ratio of Rwp/Rexp called “the goodness of fit”, Eq. (2.4.4), gives a good indication 
about the obtained optimization level relative to the theoretically best one: 
 
 exp
2 / RRwp=χ         (2.4.4) 
 
2.5 Scanning electron microscopy 
 
 In order to correlate the results of the XRD phase analysis with changes in the sample 
surface microstructure and morphology, the surface of the samples before and after heat 
treatment was inspected by a scanning electron microscopy (SEM). The corresponding energy 




compositions. In this purpose an XL30 ESEM-FEG (environmental scanning microscope with 
field emission gun, manufactured by FEI, Netherlands) device equipped with an energy 
dispersive X-ray spectrometer from EDAX was used. Depending on the sample and the 
desired information, different magnifications and accelerating voltages were used. 
 
2.5.1 Working principle 
 
 The SEM uses the focused electron beam in order to scan the surface of the specimen. 
Due to the small wavelengths of the electrons in comparison to the wavelengths of the light, it 
is possible to obtain images with much higher resolution. During scanning, electrons interact 
elastically and inelastically with the specimen atoms and thereby creating several different 
signals (Fig. 2.5.1).          
  
Fig. 2.5.1: Illustration of the interaction of the electron beam with a specimen in the scanning electron 
microscope and the regions from which different signals can be detected. 
 
 
Incident electrons that are elastically scattered by specimen atomic nucleuses or by 
outer shell electrons are called backscattered electrons. The detection of backscattered 
electrons can provide valuable information about surface topography and elemental 
composition. 
The secondary electrons are produced in inelastic interactions of electron beam and 
specimen atoms. Namely, when the incident electrons strike the sample surface, they are 




a result, the loosely bound (secondary) electrons are emitted.  This kind of signal is most used 
by SEM imaging. A secondary electrons signal obtained from a device used in study of 
samples in this thesis can resolve surface structures down to the order of 2 nm. 
The characteristic X-rays signal is providing qualitative and quantitative information 
about distribution of chemical elements throughout the specimen surface. The characteristic 
X-rays are produced when an inner shell electron is displaced by an incident electron through 
inelastic collision. In order to re-establish the proper charge balance, an electron with higher 
energetic state from an outer shell may fall into the discharged inner shell. By returning of 
ionized atom to the ground state, an X-ray photon is emitted. 
 
2.6 Focused ion beam imaging 
  
 The fundamental operation process of focused ion beam imaging (FIB) technique is 
comparable to the operation process of SEM. However, instead of an electron beam, FIB 
utilizes a finely focused beam of ions. 
Regarding to the work described in this thesis, the FIB technique was employed to obtain 
information about grain size and phase distribution from a cross section of the samples. For 
the cross section preparation, the Quanta 200, (3D device, FEI Netherlands) was used. The 
Ga+ ion beam was focused perpendicularly to the surface. The best resolution which can be 
achieved with this device (at 30 kV and 10 pA) is 10 nm. 
 
    
Fig. 2.6.1: Example of the FIB image showing the cross section of the Fe75Ni2Si8B13C2 alloy after 1h 
annealing at 1123 K. Different shading of observed FeXSi and Fe2B crystal grains indicates different 





2.7 Vickers hardness analysis 
 
The physical and mechanical properties of amorphous metals and crystallized 
materials of a same elemental composition are different in a great measure. For example, the 
hardness and strength of the amorphous metallic alloys are essential higher than the hardness 
and strength of their crystalline counterparts (Fig. 2.7.1). This special properties makes the 
amorphous metallic alloys an interesting candidate for industrial applications, especially in 
tools that are under cyclic heating and strong wear (alloys have to fit the consideration of high 
hardness, wear resistance, good thermal conductivity and thermal stability). 
 
 




Hardness of some solid material can be described as the resistance of this material to 
various kinds of permanent shape change (plastic deformation) when a force is applied. The 
behaviour of solid materials under force is complex; therefore there are different approaches 




           
   
Fig. 2.7.2: Vickers hardness test given schematically. 
 
 
To define Vickers hardness (HV), a diamond‐pyramid is drawn perpendicular onto the 
surface of the sample with a defined force. By aid of an optical microscope, the lengths of the 
diagonals are measured (Fig. 2.7.2). Resulting hardness is a dimensionless size and dependent 













=      (2.7.1) 
 
where d= (d1+d2)/2 is an average of both diagonals [mm] and F is a force [N]. 
The Vickers microhardness tests presented in this thesis were performed with a 
microhardness tester MHT-10 (Anton Paar, Austria). Prior to the microhardness 
measurements, samples were embedded in a conductive resin which have ability to solidify at 
room temperature for 8 h. After solidification the surface of each sample was polished using 
grinding SiC-paper of decreasing grain size, down to 4000 mesh, using water as fluid 
medium. Final polishing was done with (Struers TegraPol-15) device using APD suspension 
with 0.3 µm particle size. 
 
2.8 Electrochemical corrosion measurements 
 
In their applications nanocrystalline Fe-based alloys are often exposed to an environment 




shown in chapter 3.5, this chemical property in amorphous metallic materials mostly depends 
on their microstructure and phase compositions. The high temperature is an additional factor 
which can accelerate the corrosion rate. The corrosion products formed on the surface of a 
ferromagnetic alloy may cause a partially degradation of soft magnetic properties 
(Szewieczek, 2005). 
The electrochemical behaviour of Fe73.5Cu1Nb3Si15.5B7 alloy and corrosion process 
presented in this work were studied using a Jaissle Potentiostat-Galvanostat (IMP 88 PC). 
 
2.8.1 Electrochemical basis of corrosion and quantitative corrosion theory 
 
Corrosion normally occurs at a rate determined by equilibrium between two opposing 
electrochemical reactions. The first is the anodic reaction, in which a metal is oxidized, 
releasing electrons into the metal. The other is the cathodic reaction, in which a solution 
species (often O2 or H+) are reduced, removing electrons from the metal. When these two 
reactions are in equilibrium, the flow of electrons from each reaction is balanced and no net 
electron flow (electrical current) occurs (GAMRY instruments). 
            
  
Fig. 2.8.1: Corrosion process showing anodic and cathodic current components. The vertical axis is 
potential and the horizontal axis is the logarithm of absolute current. The theoretical current for the 
anodic and cathodic reactions are shown as straight lines. The curved line is the total current- the sum 





The equilibrium potential assumed by the metal in the absence of electrical connections to the 
metal is called the open circuit potential, Eoc. The value of either the anodic or cathodic 
current at Eoc is called the corrosion current, Icorr and cannot be measured directly. However, it 
can be estimated from current versus voltage data . 
 In Fig. 2.8.1, logI versus E plot is called a Tafel plot. Classic Tafel analysis is 
performed by extrapolating the linear portions of a log current versus potential plot back to 
their intersection (Burstein, 2005). The value of either the anodic or the cathodic current at the 
intersection is Icorr. 
An electrochemical reaction under kinetic control obeys the Tafel equation: 
 
 




       (2.8.1) 
 
in this equation, 
 I is the current resulting from the reaction 
 Io is a reaction dependent constant called the exchange current 
 E is the electrode potential 
 Eo is the equilibrium potential (constant for a given reaction) 
 ß is the reaction’s Tafel constant (constant for a given reaction) 
The Tafel equation describes the behaviour of one isolated reaction. In a corrosion system 
there are two opposing reactions- anodic and cathodic. 
 The Tafel equations for both the anodic and cathodic reactions in a corrosion system 
can be combined to generate the Butler-Volmer Equation: 
 
 
( )[ ] ( )[ ]( )ococaoc EEEEcorrca eeIIII ββ /3.2/3.2 −−− −=+=   (2.8.2) 
 
where, 
 I is the measured cell current in [A] 
 Icorr is the corrosion current in [A] 
 E is the electrode potential 
 Eoc is the corrosion potential in [V] 
 ßa is the anodic beta Tafel constant in [V (decade)-1] 





2.8.2 Calculation of corrosion rate from corrosion current 
 
The numerical result obtained by fitting corrosion data to a model is generally the 
corrosion current. However, from practical point of view it is more useful to get information 
about corrosion rates in units such as [mm a-1]. 
 If we assume an electrolytic dissolution reaction involving a chemical species, S: 
 
     
−+ +→ neSS n
 
 
The current flow can be related to a mass via Faraday’s law: 
 
 MFnQ ⋅⋅=          (2.8.3) 
 
where, 
 Q is the charge in coulombs resulting from the reaction of species S 
 n is the number of electrons transferred per molecule or atom of S 
 F is a Faraday’s constant (96,486.7 C mol-1) 
 M is the number of moles of species S reacting 
 
A more useful form of Eq. (2.8.3) requires the concept of equivalent weight. The equivalent 
weight (EW) is the mass of species S that will react with one Faraday of charge. 
Recalling that M=W/AW, where AW is the atomic weight of the species: 
 
F
QEWW ⋅=          (2.8.4) 
 
where, W is the mass of species S that has react. 
 Conversion from a weight loss to a corrosion rate (vcorr) is straightforward. It is 
necessary to know density d and the sample area A. 
 Charge is given by: 
 tIQ ⋅=          (2.8.5) 
where t is the time in seconds and I is a current. 











=         (2.8.6) 
 
where, 
 vcorr is the corrosion rate. Its units are given by the choice of K 
 Icorr the corrosion current in [A] 
 K a constant that defines the unites for the corrosion rate (3272 [mm (A cm a)-1]) 
 EW the equivalent weight in [g (equivalent)-1] 
 d density in [g cm-3] 
 A sample area in [cm2] 
 
2.9 Raman spectroscopy 
 
In crystallography and materials science, Raman spectroscopy is routinely used to identify 
and check the homogeneity of crystalline phases. The application of this technique seems 
especially influenced by its experimental advantages (Beran, 2004), and is mostly done in 
cases where the more common techniques (e.g. electron microprobe or XRD analysis) cannot 
be used. Furthermore, Raman spectroscopy has been proved as very useful in study of 
corrosion products that forms on a metal surface during its corrosion or corrosion inhibition in 
a various solutions. 
The Raman analysis presented in this thesis (see, for example, chapter 3.5) was 
performed using a Horiba Jobin Yvon (LabRam ARAMIS) spectrometer equipped with edge 
filters to remove the Rayleigh line. Raman photons were collected with a cooled CCD. 
 
2.9.1 The Raman spectrum 
 
The Raman effect occurs when light (with a frequency υ0) interacts with the electron 
cloud and the bonds of the molecule. Atoms in a matter vibrate at frequencies υ1 on the order 
of 1012-1014 s-1. Photon excites the molecule from the energy ground state to a higher energy 
state. When the molecule relaxes it emits a photon and it returns to a different rotational or 
vibrational state. The difference in energy between the original state and a new state leads to a 
shift in the emitted photon's frequency away from the starting excitation frequency. 
The Raman effect comprises two possible interactions. When a portion of the exciting 




will due to its partial energy loss, experience a red shift in the electromagnetic spectrum. The 
opposite case is the loss of vibrational energy in the sample in favour of an increase in light 
energy. The anti-Stokes Raman light (υ= υ0+υ1) is therefore, blue-shifted with respect to the 
excitation frequency. 
A Raman spectrum is a plot of light intensity (usually given in counts) versus photon 
energy. In vibrational spectroscopy, it is unusual to express the photon energy by the 
frequency or wavelength of the light. Instead, they are generally transformed into 
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III. RESULTS AND DISCUSSIONS 
 
 
The subsequent chapters presented in this section appeared in the following publications: 
“Thermal stability and crystallization of Fe89.8Ni1.5Si5.2B3C0.5 amorphous alloy”, “Structural 
transformations of Fe75Ni2Si8B13C2 amorphous alloy induced by thermal treatment”, “Phase 
transformations of Fe73.5Cu1Nb3Si15.5B7 amorphous alloy upon thermal treatment”, “Influence 
of thermal treatment on structure development and mechanical properties of amorphous 
Fe73.5Cu1Nb3Si15.5B7 ribbon”, all published in Journal of Alloys and Compounds and “The 








Disordered structural arrangement of Fe-based amorphous alloys have been a subject of 
considerable scientific interest because of their soft ferromagnetic properties, good 
mechanical properties and high corrosion resistance making them very useful in a variety of 
devices including the transformers, sensors, magnetic tapes, recorder heads, microgears, 
welding elements as well as dental and medical implants (Cowley, 1991, Köster, 1981). 
However, the application of Fe-based amorphous alloys as structural materials is limited 
because of the very high cooling rates required for their production to avoid crystallization 
and high vacuum to overcome oxidation. The improving of the purity of starting materials or 
the addition of metalloids such as B, P, Si or C enhances the glass-forming ability of these 
materials (Iqbal, 2008, Wu, 2009). The substitution of Fe by Co, Ni or Co and Ni, as well as 
increasing B/Si concentration ratio largely increases of the glass forming ability of Fe-based 
amorphous alloy, too. The amorphous alloys are metastable materials so that the elevated 
temperature as well as the prolonged performance could induce their transformation into a 
crystalline state which, in turn deteriorates their advantageous physical properties (Miglierini, 
2008). However, suitable thermal treatment of amorphous alloys of an appropriate 
composition could produce nanocrystalline alloys whose magnetic parameters do not 




of their technological applicability, the nanocrystalline Fe-based alloys possessing a 
metastable two-phase microstructure with outstanding soft magnetic properties, very low 
coercivity, high saturation magnetic flux and high permeability as a consequence of the 
averaging out of the magnetic anisotropy of the crystalline phase as the exchange length 
becomes larger than the structural length, are very interesting materials (Benaini, 2008). For 
these reasons, the knowledge of the thermal stability and structural transformations of 
amorphous alloys is of great interest for two important reasons (Santos, 2002). First, for 
amorphous alloys that exhibit excellent magnetic and electric properties the onset of 
crystallization represents the limit when these properties begin to deteriorate (Bayri, 2009). 
Second, control of the crystallization process gives us the ability to tailor the microstructure 
that provides the desired properties in nanocrystalline–amorphous matrix alloys (Hsiao, 2002, 
Du, 2005). On the other hand, the ability to predict and control of the crystallization process 
of amorphous alloys is very important for the preparation and preservation of useful 
microstructure. The detailed analysis of crystallization data can also provide important 
information about the temperature dependence of the processes of nucleation and the growth 
of the crystallites in order to get and control the optimal microstructure (Santos, 2002, 
Bonastre, 2008). The crystallization of these materials upon heating can be performed in 
several ways. Usually, two basic methods are considered: isothermal and non-isothermal. In 
these cases several techniques, such as differential scanning calorimetry (Vasquez, 2000), X-
ray scattering (Santos, 1970), measurement of electrical resistivity (Jones, 1986), and 
Mossbauer spectrometry (Saegusa, 1982) have been used to study crystallization of 
amorphous metallic alloys. We have studied a series of amorphous alloys based on Fe and Co, 
from fundamental and practical points of view (Minić & Maričić, 2007, Minić & Adnadjević, 
2008, Minić& Maričić, 2009, Minić & Gavrilović, 2009). The present chapter concerns 
studies of the thermal stability and structural transformations of Fe89.8Ni1.5Si5.2B3C0.5 
amorphous alloy induced by heating over the temperature range 298–1123 K. 
 
3.1.2 Experimental procedures 
 
Ribbon shaped samples of Fe89.8Ni1.5Si5.2B3C0.5 amorphous alloy with dimensions 2 cm wide 
and 35 µm thick were obtained using the melt-spinning method. 
Thermal stability of the alloy as well as the structural transformations was investigated 
by DSC in an inert atmosphere using a DSC-50 analyzer (Shimadzu, Japan). Samples 




in a stream of nitrogen flowing at 20 m L min−1 and with constant heating rates of 5, 10, 20 
and 40 K min−1. 
The XRD experiments were performed on an X-Pert powder diffractometer at 40 kV 
and 30 mA. The diffraction angle was changed stepwise in 0.05° (2θ) intervals with a 
measuring time of 30 s step-1. 
The Rietveld refinement method as well as the single peak refinement approach was 
used to analyze the XRD measurements. 
The Vickers microhardness tests were performed with a microhardness tester MHT-10 
(Anton Paar, Austria) with loads of 0.4 N and 10 s loading time. For each sample multiple 
microhardness measurements were conducted. 
For the scanning electron microscopy (SEM) investigations, an XL 30 ESEM-FEG 
(Environmental Scanning Microscope with Field Emission Gun, by FEI, Netherlands) device 
was used. The samples were inspected using a 20 kV acceleration voltage at a magnification 
of 3500 and 20000. 
 
3.1.3 Results and discussion 
 
3.1.3.1 The thermal stability of the Fe89.8Ni1.5Si5.2B3C0.5 amorphous alloy in non-
isothermal as well as in isothermal conditions 
 
In Fig. 3.1.1, typical DSC curves for the amorphous Fe89.8Ni1.5Si5.2B3C0.5 alloy at four 
different heating rates (5, 10, 20 and 40 K min−1) are displayed. All DSC curves in the 
temperature range of 780–880 K show two well formed crystallization peaks indicating the 
multi-stage crystallization process of the alloy. The temperatures of both peaks increase with 
an increase of the heating rate, indicating the thermal activation of both steps of the 






Fig. 3.1.1: DSC curves of the Fe89.8Ni1.5Si5.2B3C0.5 sample recorded at heating rates of 5, 10, 20, 40 K 
min-1, respectively. 
 
According to Kissinger (Kissinger, 1957) the apparent activation energy Ea can be 


























       (3.1.1) 
 
Where plotting ln (β/Tp2) as a function of 1/Tp yields a straight line with a slope of −Ea/R and 
an intercept of ln (A R/Ea).  
For the determination of the apparent activation energy under non-isothermal 














= lnln β        (3.1.2) 
 
Where plotting of ln (β) versus 1/Tp yields a straight line with a slope of −Ea/R and an 




The values of the kinetic parameters determined according to the Kissinger method are 
some higher than ones determined by applying the Ozawa method, but the differences 
between the values determined by the two methods are under 3 %. Errors in the calculated 
values were determined as a root-square deviation multiplied by Student’s coefficient for a 
probability of 0.95 (Table 3.1.1). 
 





































































In our case as well as for other amorphous alloys based on Fe (Kaloshkin, 1996, 
Raval, 2005) we found high values of the apparent activation energy of crystallization (Table 
3.1.1). The activation energy of solid state reactions proceeding through formation of nuclei 
and their growth, according to the opinion of some researchers, has only an empirical 
character and yields a practical determination of the dependence of the rate of conversion on 
temperature. This energy can be spent, not only for overcoming the activation barrier but also 
for lowering the activation barrier due to co-operative displacement of atoms. In these 
experiments, the total value of energy is determined both, for the lowering of the potential 
activation barrier and for overcoming the barrier. The high values of activation energy of 
crystallization of amorphous alloys indicates that a significant fraction of the atoms 
participate in the structural reorganization.  
 
3.1.3.2 XRD analysis 
 
The amorphous structure of an alloy prepared by rapid quenching of the melt was 
confirmed by XRD. To study the structural transformations induced by heating, samples of 
the alloy were isothermally treated at different temperatures between 573 and 1123 K. In 




vacuum and heated for 60 min at each temperature being tested. The diffraction pattern of the 
as prepared alloy (Fig. 3.1.2) shows only a very broad peak in the 2θ range between 40° and 
50° without appreciable diffraction peaks corresponding to crystalline phases, thus indicating 
the absence of any long-range crystalline order, as is characteristic for an amorphous 
structure. This pattern remained almost unchanged after annealing at 573 and 713K.  
 
  
Fig. 3.1.2: XRD patterns of the as prepared Fe89.8Ni1.5Si5.2B3C0.5 alloy as well as corresponding 
samples heated for 60 min at different temperatures at 573, 713, 753, 813, 843, 863, 923, 1023 and 
1123 K. 
 
The results presented in Fig. 3.1.2 indicate that different structural transformations of 
the alloy occurred in the temperature range 753–1123 K. Initially at 753 K the presence of the 
α-iron phase (ICDD-PDF 00-036-4899) as the major phase and the boron–iron–silicon phase, 
B2Fe15Si3 (ICDD-PDF 00-047-1629), was observed. The boron–iron–silicon phase was 
present only in very small amounts in the temperature range from 753 to the 813K. 
The next step in the structural transformations induced by thermal treatment was 
formation of the iron–boron phase, Fe2B (ICDD-PDF 00-036-1332), observed for 813 K. The 
iron–boron phase coexisted with the α-iron phase over the whole range of temperatures from 
813 to 1123 K. Further heating above 813 K did not affect significantly the phase composition 
until a temperature of 923 K, when besides the α-iron and iron–boron phase, two reflexions at 




phase, presented in Fig. 3.1.2 as phase x. Due to the restriction of many ICDD-PDF data 
entries to a lower 2θ range and since adequate peaks at lower diffraction angles could not be 
observed, complete identification of this phase was not possible. However, the diffraction 
pattern corresponds well to a supposed phase with cubic symmetry (face-centred structure). 
Fig. 3.1.3 shows the XRD pattern of the sample held at a temperature of 1123 K for 7 
h. After this heating only the α-Fe and Fe2B phases were present and no intermediate phase 
occurred. These results have a good correlation with previously mentioned DSC results where 
it was shown that two crystallization peaks indicate a multi-stage crystallization process of the 
alloy. 
 
Fig. 3.1.3: XRD pattern of the sample heated at a temperature of 1123 K for 7h. 
 
The Rietveld refinement method (McCusker, 1999) was used for the determination of 
the weight fraction of the crystalline phases that were formed and of the amorphous content as 
well. As shown in Fig. 3.1.4, the content of the boron–iron–silicon phase (B2Fe15Si3) observed 
at 753 K decreased and at 843 K this phase disappeared completely. In the same time, the 
relative phase contribution of the α-Fe phase increased almost linearly (taking the amorphous 






Fig. 3.1.4: Weight fractions of the observed crystalline phases as obtained by Rietveld refinement 
including the obtained amorphous weight content, plotted as a function of the heating temperature (1 
h). 
 
On raising the temperature an increasing weight content of crystalline phases (Fig. 
3.1.4) was expected but the broad maximum from a residual amorphous phase at small 
diffraction angles as well as for the diffraction angle range of 40–50° indicates that the 
heating caused only a partial crystallization of the sample. For the final heat treatment (1 h) at 
a temperature of 1123 K, slightly less than 4 % of the amorphous fraction still remained. 
The Rietveld refinement method also gave the phase weight fraction values for the 
final diffraction pattern corresponding to the sample heated at 1123 K for 7 h (Fig. 3.1.3). The 
results (61 wt % of the α-Fe phase, 39 wt % Fe2B phase, and no amorphous phase present) 
indicate a significant alteration in the phase composition due to heating of alloy. These final 
contents are most likely near the thermal equilibrium. 
Besides the temperature dependence of the crystalline fraction, the lattice constants for 
the Fe2B iron-boron phase, Fig. 3.1.5, show the temperature dependence but not the lattice 
constant for the cubic α-Fe phase. The lattice constants as well as the Hermann–Mauguin 
space group symbol for all observed phases corresponding to the ICDD-PDF data are 






Table 3.1.2: The lattice constants as well as the Hermann-Mauguin space group symbol for all 












α - iron Fe Im-3m Cubic 2.867 - 
iron boron Fe2B I4/mcm Tetragonal 5.110 4.249 
boron iron 
silicon 
B2Fe15Si3 I-4 Tetragonal 8.677 4.307 
 
The diagram presented in Fig. 3.1.5 shows clearly that the lattice constant a for the 
Fe2B phase increased from 5.095Å at 813 K to 5.102 Å at 1123 K reaching the maximal value 
of 5.141 Å at a temperature of 863 K. The lattice constant c increased continuously from 
4.180 to 4.252 Å over this temperature range. These changes correspond to structural and 
stoichiometric variations of the boride phase during the formation reaction. This effect is 
mainly caused by reactions between the coexisting phases. 
 
Fig. 3.1.5: Lattice constants a (indicated by squares) and c (indicated by circles) of the Fe2B phase as 




Furthermore, the deviation from the theoretical values as given in Table 3.1.2 is 
caused by the additional incorporation of the remaining elements (i.e. Si, C, and Ni).
  
Fig. 3.1.6: Crystallite size as deduced from Rietveld refinement data for the α-Fe and Fe2B phases 
plotted as a function of the heating temperature. 
 
It could be shown that the crystal growth is temperature dependent (Fig. 3.1.6). The 
crystallization process for the major α-Fe phase as well as for the Fe2B phase with the 
smallest average crystallite sizes interpreted from the XRD data were in the range from 16 to 
29 nm. With increasing temperature the average crystallite size reached a maximum value 
between 101 and 119 nm at 1123 K (Table 3. 1. 3). 
 
Table 3.1.3: Overview of crystallite size Dhkl, dislocation density ρhkl and microstrain εhkl of the 


























813 1 - - 29 3.57·1015 12.81 
843 1 16 1.17·1016 30 3.33·1015 10.57 
863 1 12 2.08·1016 32 2.93·1015 9.72 
923 1 36 2.31·1015 57 9.23·1014 4.97 
1023 1 64 7.32·1014 60 8.33·1014 5.55 
1123 1 119 2.12·1014 101 2.94·1014 2.73 




3.1.3.3. Scanning electron microscopy 
 
The surface of the samples before and after heat treatment was inspected by a scanning 
electron microscopy (Figs. 3.1.7 and 3.1.8) in order to correlate the results of the XRD phase 
analysis with changes in the sample surface microstructure. To obtain a surface suitable for 
accurate particle shape and size observation the samples were subjected to specific 
preparation procedure. Considering the small dimensions (around 3×2×0.5 mm) it was 
necessary to embed each sample in a conductive hot resin based on iron powder. 
Subsequently the sample was smoothed with 500, 1200, 2400, and finally 4000 grit grinding 
silicon carbide (SiC) paper. The sample surface was then polished with a diamond emulsion 
with 3 and 1 µm grain sizes. The final polishing step was conducted with a 40 nm colloidal 
silica solution. 
In Fig. 3.1.7 the SEM micrographs are shown for as prepared and the thermally treated 
alloy samples. From Fig. 3.1.7a which shows the surface of as prepared alloy it is obvious that 
the amorphous surface is completely homogeneous. The heat treatment leads to crystalline 
phase formation and the formation of a non-homogeneous surface of the alloy. For the 
temperature of 753 K where the first presence of a crystalline phase was observed, the first 
partial surface non-homogeneity was observed as well. Fig. 3.1.7b shows the existence of 
surface fractures for a sample heated at 753 K. Further heating at higher temperatures 
increased the surface non-homogeneity as is shown in Fig. 3.1.7c for a sample thermally 











Fig. 3.1.7: a) Scanning electron micrographs of the sample surfaces- as prepared. b) Scanning electron 
micrographs of the sample surfaces after heat treatment at 753 K. c) Scanning electron micrographs of 





However, the presence of twinning and crystal lattice deformations such as 
dislocations accompany the overall heating procedure. Fig. 3.1.8 indicates the presence of 
twins (sample heated at 1123 K for 60 min). This SEM micrograph shows the presence of 
grain structure of two different phases in a sample heated at 1123 K for 7 h that is in good 
accordance with X-ray data. The larger particles with a grain size in a range of 1–3 µm 
probably correspond to the Fe2B phase and the smaller particles with a grain size in a range of 
0.5–1 µm are related to the α-Fe phase. These values are slightly larger than the dimensions 
we obtained from the XRD pattern in Table 3.1.3. This difference is due to the mechanism of 
XRD which is strictly related to the smaller coherent diffracting length (Santos, 1970). The 
smallest, white, globular shaped particles in Fig. 3.1.8 occur only in traces, probably 
corresponding to residuals from the final fine polishing; the particle size of approximately 40 
nm corresponds to the grain size of colloidal polishing silica solution. 
   
Fig. 3.1.8: Scanning electron micrograph of the polished surface of a Fe89.8Ni1.5Si5.2B3C0.5 sample 
heated at 1123 K for 7 h. 
 
 Additionally, in Fig. 3.1.9, the SEM micrograph of the fracture surface of the sample 
(cross-section, same sample as in Fig. 3.1.8) is also displayed. Here the globular shaped 




   
Fig. 3.1.9: Scanning electron micrograph of the cross-section (fracture surface) of a 
Fe89.8Ni1.5Si5.2B3C0.5 sample heated at 1123 K for 7 h. 
 
3.1.3.4. Vickers hardness analysis 
 
An increased crystallinity of the material correlates with a decrease of the hardness 
(Fig. 3.1.10). The structural transformations which give rise to more pronounced sample non-
homogeneity most likely induces higher variations of the microhardness (cf. the error bars in 
Fig. 3.1.10).  
 
Fig. 3.1.10: Vickers microhardness (HV) mean values of the samples plotted as a function of the 







As can be seen from the results, the Fe89.8Ni1.5Si5.2B3C0.5 amorphous alloy was stable up to a 
temperature of 753 K when structural transformations began. This process started with 
formation of the α-Fe phase, which was followed by formation of the Fe2B phase at 
temperatures above 813 K. Up to a temperature of 863 K, the crystallite size remained almost 
constant, while at higher temperatures a significant crystal growth occurred. This observation 
can most likely be explained by the assumption of two recrystallization phases: in a first step 
the number of crystallites (seeds) grew. Each of these particles displayed almost constant size. 
In a second step a certain fraction of the crystallites grew by consumption of the smaller 
particles. During this process (especially above 923 K) the total crystalline volume remained 
almost unchanged. The observed weight fraction of the crystalline α-Fe phase increased up to 
923 K while in the higher temperature range an almost constant content was achieved. The 




























The magnetic amorphous Fe–B alloys have been the subject of many scientific researches 
over past few decades (Biswas, 2005). These materials are used in diverse applications, such 
as power devices, information handling technology, magnetic sensors and antitheft security 
system (Rho, 2002, Gloriant, 2004). The amorphous materials are metastable and with 
increase in temperature their transformation into a crystalline state occur, which can lead to 
change in their technologically important properties, such as the heat capacity, electrical 
resistivity, volume and magnetic properties (Soliman, 2004, Li, 2006). It has been reported 
that either the magnetic properties may be deteriorate after crystallization or may improve if 
nanocrystalline phases are formed (Minić & Maričić, 2007, Li, 2004, Bednarčík, 2007, 
Mchenry, 1999, Žak, 2004). The commercial nanocrystalline soft magnetic materials have 
been successfully obtained by crystallization from amorphous precursors. These materials 
possess a microstructure of nanocrystals embedded in an amorphous matrix exhibiting soft 
magnetic properties superior to the amorphous and crystalline magnetic alloys. 
This chapter is concerned with the thermal stability and structural transformations of 
Fe75Ni2Si8B13C2 amorphous alloy induced by heating in the temperature range of 295–1273 
K. Therefore, in order to get the optimal microstructure, a good knowledge of thermal 
stability and the crystallization kinetics of amorphous alloys are of significant interest for 
many researchers. The crystallization of these materials by heating can be performed in 
several ways. Usually, two basic methods can be used, isothermal and non-isothermal. The 
results of these measurements can then be interpreted in terms of several theoretical models 
(Henderson, 1970, Matusita, 1980). 
 
3.2.2 Experimental procedures 
 
The ribbon-shaped samples of Fe75Ni2Si8B13C2 amorphous alloy (2 cm wide and 35 µm thick) 
were obtained using the standard procedure of rapid quenching of the melt on a rotating disc 
(melt-spinning method). 
The thermal stability of the alloy as well as the structural transformations has been 




In this case, samples weighing several milligrams were heated in the DSC cell from room 
temperature to 973 K in a stream of nitrogen with a flowing rate of 20 ml min−1 at the 
different heating rates. 
The amorphous structure of the as prepared alloy sample was confirmed by XRD 
method. For the study of the transformation of structure, the samples were subsequently 
heated at different temperatures in the range of 623–1273 K. In order to avoid oxidation 
problems each sample was sealed in a quartz tube under the vacuum of 0.1 Pa and heated for 
60 min at the desired temperature when it is not indicated differently. The devitrified 
crystalline samples were then characterized by XRD using the CuKα radiation at 40 kV and 
30 mA in Bragg–Brentano geometry on an X-Pert powder diffractometer device (by 
PANalytical, Netherlands). 
After the XRD measurements, the composition homogeneity of the obtained samples 
was inspected with a Scanning Electron Microscope (SEM) operating at 20 kV acceleration 
voltage. An XL 30 ESEM-FEG (environmental scanning microscope with field emission gun 
manufactured by FEI, Netherlands) device was used for that purpose. 
 
3.2.3 Results and discussions 
 
3.2.3.1 Calculation of the activation energy by Kissinger’s and Ozawa’s peak methods 
 
Fig. 3.2.1 shows typical DSC curves (continuous heating) for the amorphous 
Fe75Ni2Si8B13C2 alloy taken at four different heating rates, 5, 10, 20 and 40 K min−1. 
All DSC curves in the temperature range of 790–860 K display the overlapping 
crystallization peaks, indicating the multi-stage crystallization process of the alloy. Although 
two peaks are detected for all the heating temperatures, their relative spacing, intensities and 
characteristic temperatures change with the heating rate, indicates that the heating rate has an 
important influence on the crystallization process. With increasing heating rate, the intensities 
of both peaks rise, but the intensity of the second peak increases faster. The temperature of 
both peaks increase with the increase of the heating rate, indicating the thermal activation of 
the observed steps of the crystallization process. The interval between the two peaks enlarges 
with the increasing heating rate as the activation energies of two crystallization processes 






Fig. 3.2.1: DSC curves of alloy recorded at different heating rates. 
 
The overall activation energy of the crystallization reaction of an amorphous alloy, as 
well as the frequency factor A, under linear heating conditions can be determined by 
Kissinger’s as well as by Ozawa’s peak methods relating on the dependence of exothermic 
peak temperature Tp on heating rate β (Kissinger, 1957, Ozawa, 1970). 
Kissinger proposed that the activation energy can be determined according to the 
equation (3.1.1, see previous chapter) where β is the heating rate, Tp is the peak temperature, 
A is the pre-exponential factor independent on temperature, Ea is the activation energy, and R 
is the gas constant. The plot of ln (β/Tp2) versus 1/Tp yields a straight line with a slope of 
−Ea/R and an intercept of ln (A R/Ea).  
For the determination of the activation energy in non-isothermal conditions Ozawa 
proposed the equation (3.1.2, see previous chapter), where A plot of ln (β) versus 1/Tp yields a 
straight line with a slope of −Ea/R and an intercept of ln (A Ea/R). The errors of the calculated 
values were determined as a root-square deviation multiplied on Student’s coefficient for the 
probability of 0.95, Table 3.2.1. It is interesting to note the high values of the calculated 







Table 3.2.1: Kinetic parameters for both crystallization stages. 
First stage Second stage β 




























































The activation energy of solid state reactions proceeding through formation of nuclei 
and their growth, according to the opinion of some researchers, has no physical meaning but 
only empirical character and practically establishes the dependence of the rate of conversion 
on the temperature (Kaloshkin, 1996). This energy can be spent not only for overcoming the 
activation barrier but also for cooperative displacement of atoms. Thus in these experiments, 
the total value of energy spent for the overcoming activation barrier as well as for cooperative 
displacement of atoms is determined. 
It should be noticed that the crystallization of amorphous alloys is a very complex 
process accompanied by nucleation and growth of various crystal phases under continuously 
varied conditions of species surroundings in a zone of conversion. Thus high values of 
activation energy of crystallization of amorphous alloys indicate primarily that a lot of atoms 
participate in an elementary process of structure reorganization, as well as the high 
complexity of these reactions. 
 
3.2.3.2 XRD analysis 
 
The amorphous state of as prepared alloy was confirmed by the XRD method. The 
diffraction pattern of an as prepared alloy sample, Fig. 3.2.2, shows only a spread halo in the 
2θ degree range of 40–50° without appreciable diffraction peaks corresponding to crystalline 
phases, indicating an absence of the long-range crystalline order characteristic for an 






Table 3.2.2: Phase composition of alloy Fe75Ni2Si8B13C2 as found by XRD analysis. Data for lattice 












System a c 
Iron-boron Fe2B I-42m Tetragonal 5.099 4.240 
Iron-silicon Fe3Si Fm-3m Cubic 5.670 - 
Boron-iron-
silicon 
B2Fe15Si3 I-4 Tetragonal 8.677 4.307 
 
To understand the crystallization mechanism, an analysis of the XRD patterns of the 
alloy heated isothermally at different temperatures, just before and above the crystallization 
peaks in the DSC scan (temperature range 623–1023 K) was performed. These results (Fig. 
3.2.2) show that the thermally induced structural changes already started at 723 K.  
 
Fig. 3.2.2: X-ray diffraction patterns the as prepared alloy and after thermal treatment at given 
temperatures. 
 
The presence of the diffraction pattern of the FexSi phase which is isotypic to gupeiite 
(JCPDS-PDF 03-065-0146) together with the “halo” from a residual amorphous phase in the 
diffraction angle range of 40–50° indicates that isothermal heating at 723 K during 60 min 
caused the partial crystallization of the FexSi phase in an amorphous matrix. At higher 
temperatures (780 K) beside the intense diffraction pattern of the FexSi phase, weak peaks of 
the boron–iron–silicon phase (B2Fe15Si3), corresponding to JCPDS-PDF 00-047-1629 and of 




K the intensity of the iron–boron peaks increased, while the peaks of the boron–iron–silicon 
phase completely disappeared.  
      
 a)  
b)  
Fig. 3.2.3: X-ray diffraction patterns of Fe75Ni2Si8B13C2 alloy samples heated a) during 1 h and 3 h at 





Furthermore, increase of the heating temperature, as well as the extension of heating 
time, leads to the increase of intensities all present peaks pointing to the better crystallization 
of all present phases, Fig. 3.2.3 and Table 3.2.2. It is clear that after the final crystallization 
stage at 1123 K (Figs. 3.2.2 and 3.2.3) only two phases are present: iron–boron (Fe2B) and 
iron–silicon (FexSi).    
  
Fig. 3.2.4: Lattice constant for various FexSi compounds as given in JCPDS database plotted as a 
function of the stoichiometric Fe content. 
 
The diffraction angles of the characteristic peaks for the FexSi phase display a slight 
shifting due to the variation of the lattice parameter a. In Fig. 3.2.4 the relation between the 
Fe content (or Fe/Si ratio) and the lattice constant a is plotted (data given according to JCPDS 
35-519, 1071-4480, 1071-6175, 3065-3192, 3065-6323, 3065- 9130). The line corresponds to 
a parabolic regression curve, which was used for the calculation of the Fe content. The shaded 
bar in the diagram in Fig. 3.2.4 corresponds to the observed range of composition From this 
relation the Fe content between 81 % (observed at 1273 K) and 86 % (at 780 K) of the FexSi 
phase could be deduced. 
However, no clear relation between the Fe content and the corresponding annealing 
temperature of the sample could be deduced. It should also be noted that a possible variation 
of the Fe/Si ratio in the sample can influence the width of the diffraction maxima which 




For the qualitative determination of the phase composition of the crystallized alloy 
samples, the JCPDS-PDF database has been used. Besides the phase composition the 
quantitive calculation of the contents of each individual phase is essential. Rietveld 
refinement procedure is able to simulate the XRD pattern from given starting parameters. The 
purpose of this simulation is therefore to refine individual parameters, e.g. phase content, 
crystallite size, and crystal lattice parameters, to obtain a good fit. For this purpose Rietveld 
refinement program TOPAS V3.0 (Bruker AXSGmbH, Germany) was used (Bruker AXS, 
2005). This software enables the full handling of the instrument geometry and the instrument 
profile parameters. The quality of the refinement progress was controlled by monitoring the 
fit parameter Rwp, the goodness of fit (GOF), and the Durbin–Watson factor. Besides, the 
values for the weight fraction for each phase in the penetrated sample volume (Fig. 3.2.5), the 
values for the crystallite size and the microstrain, were determined by Rietveld method as 
well (see Table 3.2.3).  
  






































780 14 1.53·1016 9 3.70·1016 34 2.60·1015 9.72 
800 10 3.00·1016 13 1.78·1016 34 2.60·1015 7.88 
823 7 6.12·1016 - - 27 4.12·1015 7.35 
923 36 2.32·1015 - - 169 1.05·1014 2.74 
1023 52 1.11·1015 - - 153 1.28·1014 1.15 
1123 122 2.02·1014 - - 102 2.88·1014 0.46 
1273 108 2.57·1014 - - 87 3.96·1014 1.32 
 
The contents of iron–boron, iron–silicon and boron–iron–silicon phase are displayed 
as a function of the annealing temperature during the heating experiment. However, it should 
be remarked that the first appearance of the FexSi phase at 723 K is not covered in the 
diagram in Fig. 3.2.5 because the amorphous phase coexisting at this temperature inhibits the 
correct phase content determinated by Rietveld method. 
 
Fig. 3.2.6: Change of the crystallite size of phases formed during the isothermal heating of 
Fe75Ni2Si8B13C2 amorphous alloy. 
 
The change of the crystallite dimensions (Dhkl), the dislocation density (ρhkl), and 




Table 3.2.3. It shows that the crystallization process starts with nanosized crystallites, and 
their growth is further temperature dependent, Fig. 3.2.6.      
 
3.2.3.3 Scanning electron microscopy 
 
The samples were inspected before and after heat treatment by scanning electron 
microscopy (SEM) using 20 kV acceleration voltages. All SEM micrographs are displayed at 
the same magnification. Fig. 3.2.7a shows the amorphous sample before heat treatment. It is 




Fig. 3.2.7: SEM images of the sample surface: a) before heating and b) after heat treatment at 1273 K 




A SEM micrograph in Fig. 3.2.7b displays different grain sizes in the range from 
about 0.3 to 2µm. These dimensions are significantly bigger than the dimensions we obtain 
from X-ray diffraction pattern in Table 3.2.3. The SEM micrograph represents particles 
consisting from several crystallites (mosaic structure) non-accessible to the XRD, which is 
strictly related to the smaller coherent diffracting length. 
However, the SEM examination of the sample heated at the highest temperature revealed the 
presence of three different particle sizes. The smallest, almost spherical particles with a grain 
size in a range of 0.3–0.5 µm correspond to the iron silicon phase; the largest particles (with a 
grain diameter between 1 and 2 µm) are related to the Fe2B phase. Well-defined particles with 




By annealing in the temperature range 298–1273 K, the amorphous Fe75Ni2Si8B13C2 alloy 
undergoes multi-step structural transformations, forming iron–silicon (FexSi), iron–silicon–
boron (B2Fe15Si3) and iron–boron (Fe2B) phases. The primary crystallization starts at 723 K 
by forming FexSi phase in an amorphous matrix. At higher temperatures (780 and 800 K) 
beside the FexSi phase, weak peaks of the boron–iron–silicon phase (B2Fe15Si3) and of the 
iron–boron (Fe2B) phase became visible. At 923 K the intensity of the iron–boron peaks 
increased, while the peaks of the boron–iron silicon phase completely disappeared. From the 
relation between the Fe content and the lattice constant a, the Fe content in the FexSi phase 
was determined as 81 % (observed at 1273 K) and 86 % (at 780 K). The crystallization 



















The soft magnetic amorphous materials (metallic glasses) are considered the future of 
magnetic materials in power electronics on account of their marvellous magnetic properties. 
The majority of metallic glasses are materials which are kinetically and thermodynamically 
metastable. The structure of some of these materials may change spontaneously with time, but 
most of them are stable at room temperature and can be transformed directly to 
polycrystalline materials at higher temperatures (Kulik, 2001, Škorvánek, 2010). The 
polycrystalline soft magnetic materials with grain size less than 100 nm, called 
nanocrystalline, possess superior soft magnetic properties, for example, “Finemet®” and 
“Nanoperm®” alloys and their modifications (Li, 2006, McHenry, 1999, Gloriant, 2004, 
Brzozowski, 2009, Kolano-Burian, 2009, Shivaee, 2010, Puszkarz, 2010). These materials 
generally contain two structural components: one consisting of periodically positioned atoms 
inside the crystallites and the other with all atoms located in the inter-facial regions, having 
strongly distorted structures (Polak, 1994). Owing to the small grain size, the local magneto-
crystalline anisotropy is averaged out by exchange interactions leading to low or vanishing 
saturation magnetostriction (Herzer, 1994). The nanocrystalline soft magnetic materials can 
be obtained by crystallization of amorphous alloys when the nucleation rate is high and 
crystal growth rate low. In addition to the control of heat treatment conditions such as heating 
rate, specific annealing temperature and time, the addition of small quantities of elements 
such as Cu and Nb, favours the formation of a nanocrystalline structure in these materials 
(Kulik, 2001, Zhang, 2006). The Fe-based nanocrystalline soft magnetic alloys such as 
“Finemet®” (Fe73.5Cu1Nb3Si13.5B9) contain small amounts of Cu which is immiscible with Fe 
and Nb (Gloriant, 2004, Yoshizawa, 1988). The Cu, despite its low content, affects the 
crystallization process and is responsible for the formation of nanostructured materials. Due 
to its very limited solubility in Fe, Cu forms small clusters which serve as sites for 
heterogeneous nucleation of α-Fe–Si crystallites, increasing their number in amorphous 
matrix. Furthermore, Nb, which is rejected from the crystal phase into the amorphous matrix, 
decreases the crystal growth because of its relatively low diffusivity (Hermann, 2000). The 
extensive application of nanostructural metallic alloys of this type is primarily due to their 




that two main phases exist in Fe–Cu–Nb–Si–B alloys with optimum magnetic properties, one 
of them being the nanocrystalline ferro-magnetic α-Fe–Si solid phase (volume fraction 60–65 
%) with an average grain size typically of 10–15 nm embedded in an amorphous 
ferromagnetic matrix (Liu, 1996). Since soft magnetic materials can possess very attractive 
physical properties, great efforts have been made to predict and control the crystallization 
processes of metallic glasses (dos Santos, 2001). The formed microstructures are very 
sensitive to annealing temperature as well as the thermal history of the materials; therefore a 
study of microstructure evolution of the nano-magnetic materials can provide good guidance 
for tailoring desired properties (Sui, 1994, Du, 2005). The objective of work described in this 
chapter was to conduct a detailed study of the crystallization process of amorphous 
Fe73.5Cu1Nb3Si15.5B7 alloy in the temperature range 273–1123 K. Main focus was on the 
behaviour of the alloy at high temperatures. Therefore, special attention was paid to samples 
of alloy annealed at temperatures above 873 K. 
 
3.3.2 Experimental procedures 
 
By means of the standard procedure of rapid quenching of the melt on a rotating disc (melt-
spinning method), amorphous ribbon samples with a stoichiometric composition 
Fe73.5Cu1Nb3Si15.5B7 (Vitroperm®) and with dimensions of 2.5 cm width and 35 µm 
thicknesses were prepared. Composition analysis by EDX confirmed that the expected 
elements were present in the amorphous alloy. The amorphous ribbon samples were sealed in 
quartz tubes under technical vacuum and isothermally annealed for 1 h at temperatures of 693, 
753, 773, 813, 873, 923, 973, 1023, 1073, and 1123 K, respectively. 
DSC analysis of the samples was conducted using a DSC-204 C device (Netzsch, 
Germany) in the temperature range 298–973 K under an Ar atmosphere at a constant heating 
rate of 4 K min−1. A uniform temperature distribution was insured by using sample of reduced 
mass (approximately 5 mg). A slow heating rate of 4 K min−1 increased the sensitivity for 
detection of smaller exothermic and endothermic changes in DSC. Two heating runs were 
employed to obtain a baseline; the first heating run was with an as prepared sample and the 
second heating run was conducted after cooling the sample to ambient temperature 
(Rafailović, 2009). 
XRD experiments were performed on an X-Pert powder diffractometer (PAN-alytical, 




measurements were conducted in a step scan mode in 0.05° (2θ) intervals with a measuring 
time of 30 s step-1. 
The TOPAS V3 general profile and structure analysis software for powder diffraction 
data was used for the Rietveld refinement procedure (Bruker AXS, 2005). 
Microstructural examination was performed by scanning electron microscope (SEM). 
An XL30 ESEM-FEG (environmental scanning microscope with field emission gun, 
manufactured by FEI, Netherlands) device equipped with an energy dispersive X-ray 
spectrometer from EDAX was used. The samples were inspected using 5, 10 and 20 kV 
acceleration voltages at magnifications of 20,000 and 10,000 respectively. 
 
3.3.3 Results and discussions 
 
3.3.3.1 Differential scanning calorimetry and calculation of the activation energy 
 
The thermal behaviour of the Fe73.5Cu1Nb3Si15.5B7 amorphous alloy is depicted in the 
DSC curves (Fig. 3.3.1). As the amorphous sample undergoes structural transformations 
during heating, a broad exothermic maximum in the range 350–550 K is attributed to the 
structural relaxation processes in as-prepared amorphous alloy. This process is followed by 
the Curie temperature and the glass transition temperature (Marzo, 2001, Miguel, 2003). The 
process of crystallization involves three well-defined broad asymmetric exothermic peaks 
(Tk1, Tk2 and Tk3) indicating a step wise process of the structural transformation of the alloy in 
the broad temperature range from 750 to1000 K. During these structure transformations the 
system moves from as deposited amorphous alloy of higher excess free energy to the annealed 
sample exhibiting a lower excess of free energy. 
The absence of peaks in repeated run on the same alloy after cooling has shown that 
mentioned process really corresponds to crystallization (Fig. 3.3.1). The corresponding 
enthalpy releases of ∆H1 = −67.3 J g−1 in the temperature range 760–835 K and ∆H2 = −3.4 J 
g−1 in the temperature range 875–890 K give a measure of the thermal stability of the sample 
with respect to structural transformations involving nucleation and growth of crystals in 




     
  
Fig. 3.3.1: DSC of as prepared alloy at heating rate 4 K min-1. 
 
3.3.3.2 XRD analysis 
 
After the DSC analysis involving heating to 973 K, the sample was cooled down to 
room temperature, and an XRD analysis was performed (Fig. 3.3.2). The slow heating rate (4 
K min−1) during the DSC analysis caused the structural transformations in the alloy, resulting 
in the formation of four crystalline phases: Fe3Si (81.1 ± 2.4 wt %), FeCu4 (1.4 ± 0.3 wt %), 
Fe2B (7.9 ± 2.0 wt %) and Fe16Nb6Si7 (9.6 ± 1.7 wt %). The application of a slow heating rate 
was suitable for the generation of a large number of crystallization seeds, which resulted in 
small final crystallites sizes: Fe3Si (12.1 ± 0.6 nm), FeCu4 (24.6 ± 9.0 nm), Fe2B (17.1 ± 2.8 




            
     
Fig. 3.3.2: X-ray diffractogram of the sample heated up to 973 K under an argon atmosphere during 
DSC analysis and then left cool slowly to room temperature. 
 
 The microstructural development was further investigated on isothermally annealed 
and then quenched samples. Quenching of the samples, which were previously sealed in 
quartz tubes under technical vacuum and isothermally annealed for 1 h at selected 
temperatures (chosen in accordance with the DSC analysis) was performed in water at room 
temperature. Fig. 3.3.3 shows the XRD patterns of an as prepared alloy sample as well as 
samples of the material subjected to annealing, during 1 h, at different temperatures (693, 753, 
773, 813, 873, 923, 973, 1023, 1073, and 1123 K). XRD as well as SEM investigation of the 
as prepared Fe73.5Cu1Nb3Si15.5B7 alloy confirmed the absence of long range ordering. The first 
crystallization process during heating to 693 K was detected by the appearance of two very 
small diffraction peaks at 97.159° and 115.042° 2θ, as shown in Fig. 3.3.3. Unfortunately the 
majority of ICDD-PDF powder diffraction data do not cover the 2θ angle range of the 
unidentified reflections noted above. Therefore a complete and accurate identification of this 





Fig. 3.3.3: XRD patterns of Fe73.5Cu1Nb3Si15.5B7 alloy samples as prepared as well as heated during 1 
h at different temperatures as indicated. 
 
However, the diffraction pattern corresponds well to a phase with cubic symmetry 
(face-centred structure, FCC) (Minić & Gavrilović, 2009). This unidentified phase remained 




The XRD analysis of the sample annealed at 753 K displayed besides a broad hump in the 2θ 
range 40–50° (corresponding to the amorphous fraction of the material) also the major 
crystalline Fe–Si phase (FCC or DO3 crystal structure). The best match to the Fe–Si 
diffraction pattern is that of a pattern for Fe3Si (ICDD-PDF 03-065-0146). This structure 
could result from the good solubility of Si in α-Fe in the early stages of crystallization. 
Furthermore, a significant fraction of the Fe atoms rejected from the DO3 nanocrystals 
formed statistically disordered interfacial grain boundaries in the later stages of crystallization 
(Swilem, 2006). This structural composition remained unchanged up to 873 K, when 
formation of the crystalline phase FeCu4 (ICDD-PDF 03-065- 7002) started. At this annealing 
temperature the copper-iron phase was not very abundant. At 923 K, slow dissolution of B 
and Nb atoms into the Fe matrix led to the formation of two new phases: Fe16Nb6Si7 (ICDD-
PDF 00-053-0459) and Fe2B (ICDD-PDF 00-036- 1332). 
As it is shown in Fig. 3.3.3, further structural transformations did not occur between 
973 and 1123 K. Annealing at 973 K gave rise to two phases in trace contents: Fe5Si3 (ICDD-
PDF 03-065-3593) and Nb5Si3 (ICDD-PDF 03-065-2785). These two phases were not noticed 
in the sample after DSC analysis. It could be speculated that the formation of these phases 
requires a prolonged period of heating. The unit cell parameters for each crystal system as 
well as the corresponding Hermann–Mauguin space group symbol are given in Table 3.3.1. 
 
Table 3.3.1: Crystal symmetry, space group (Hermann-Mauguin symbol), and lattice parameters for 
all observed phases according to the ICDD-PDF database. 
 









Fe3Si Fm-3m Cubic 5.670 - 
FeCu4 Fm-3m Cubic 3.618 - 
Fe16Nb6Si7 Fm-3m Cubic 11.338 - 
Fe2B I4/mcm Tetragonal 5.110 4.249 
Nb5Si3 I4/mcm Tetragonal 10.018 5.072 
Fe5Si3 P63/mcm Hexagonal 6.755 4.717 
 
 
As stated in the literature, the crystallization in Fe-based amorphous alloys takes place 
more easily near the surface than within the bulk (Panda, 2004). The process of crystallization 




The quantitative phase analysis was performed together with crystallite size and lattice 
constant determination using the program TOPAS V3 (Bruker AXS GmbH, Germany) by 
means of Rietveld refinement of the XRD data. 
The mean shape of the crystallites must be known in order to derive and apply a 
correction to the column height of each hkl. Since the crystallite size D cannot be measured 
directly, TOPAS V3 uses the integrated breadth based Lvol calculation (according to Eq. 3.3.1) 
assuming intermediate crystallite size broadening modelled by a Voigt function (Bruker AXS, 
2005):  
 
( )θλ cos/ ⋅= voli Lw         (3.3.1) 
  





wi =          (3.3.2) 
 
 λ is the wavelength of the used Cu radiation, θ the Bragg angle and Lvol is volume weighted 
mean column height defined as: 
 
 kDLvol ⋅=          (3.3.3) 
 
  In Eq. (3.3.2), w is the FWHM (full width at half maximum) of the instrument 
corrected line profile and k is the Scherrer’s constant. 
Fig. 3.3.4 shows a change in relative phase contributions [wt %] during the thermal 
treatment as determined by the Rietveld refinement procedure. With an increase in 
temperature, the relative contribution of the Fe3Si phase, which is observed primarily at 773 
K, decreases very slowly reaching an almost constant value of 85.0 ± 0.6 wt % for annealing 





Fig. 3.3.4: Relative weight fractions of the observed crystalline phases as determined by the Rietveld 
refinement method. The left ordinate corresponds to the relative phase contribution of the Fe3Si during 
thermal treatment; the right ordinate is related to the relative phase contributions of each of the other 
phases.  
 
The relative amounts of the other phases were low: FeCu4 (1.7 ± 0.4 wt % with 
maximum 6.6 ± 0.6 wt %), Fe2B (1.4 ± 0.6 wt % with maxi- mum 4.9 ± 1.0 wt %), Fe16Nb6Si7 
(4.7 ± 0.5 wt % with maximum 11.5 ± 0.6 wt %), Nb5Si3 (0.8 ± 0.2 wt % with maximum 2.0 
± 0.2 wt %) and Fe5Si3 (0.5 ± 0.2 wt % with maximum1.6 ± 0.2 wt %). Complete information 















Table 3.3.2: Relative weight fractions (wt %) corresponding to each phase and for different heating 




















Relative weight fraction [wt %] 
773 1 100 - - - - - 
813 1 100 - - - - - 
873 1 96.4 ± 1.3 3.6 ± 1.3 - - - - 
923 1 80.6 ± 1.1 3.0 ± 0.3 11.5 ± 0.6 4.9 ± 1.0 - - 
973 1 84.2 ± 0.9 6.6 ± 0.6 4.7 ± 0.5 2.1 ± 0.6 0.8 ± 0.2 1.6 ± 0.2 
1023 1 86.9 ± 0.7 2.3 ± 0.4 6.5 ± 0.4 2.6 ± 0.4 1.1 ± 0.2 0.6 ± 0.2 
1073 1 86.9 ± 0.8 1.7 ± 0.4 7.5 ± 0.3 1.4 ± 0.6 2.0 ± 0.2 0.5 ± 0.2 
1123 1 85.0 ± 0.6 2.8 ± 0.3 7.6 ± 0.3 2.6 ± 0.4 1.5 ± 0.2 0.5 ± 0.1 
1123* 24 87.1 ± 0.4 3.3 ± 0.3 5.4 ± 0.3 2.7 ± 0.4 0.9 ± 0.2 0.6 ± 0.1 
973** - 81.1 ± 2.4 1.4 ± 0.3 9.6 ± 1.7 7.9 ± 2.0 - - 
*
 The sample was analysed after annealing at 1123 K during 24 h. 
**
 The sample was analysed by DSC technique in the temperature range of 298-973 K in an argon 
atmosphere with a constant heating rate of 4 Kmin-1. 
 
The crystallization process for the Fe73.5Cu1Nb3Si15.5B7 alloy started with formation of 
DO3 nanosized crystallites whose further growth is temperature dependent as shown in Table 
3.3.3. 
 


















time [h]  Crystallite size [nm] 
773 1 9.0 ± 1.3 - - - - - 
813 1 9.6 ± 1.2 - - - - - 
873 1 9.4 ± 1.2 4.0 ± 1.5 - - - - 
923 1 18.5 ± 1.5 7.7 ± 1.9 5.3 ± 1.5 4.5 ± 1.6 - - 
973 1 75.8 ± 2.6 5.9 ± 3.8 20.3 ± 2.1 22.7 ± 1.5 31.4 ± 1.8 11.6 ± 2.7 
1023 1 244.2 ± 2.9 22.6 ± 1.6 25.3 ± 2.9 27.5 ± 2.8 44.8 ± 2.2 54.4 ± 2.1 
1073 1 463. 9 ± 2.9 36.8 ± 2.4 49.7 ± 5.6 44.8 ± 5.2 46.8 ± 2.2 57.0 ± 2.5 
1123 1 523.8 ± 3.9 40.4 ± 3.0 64.8 ± 7.9 54.4 ± 5.3 44.8 ± 7.7 115.5 ± 6.6 
1123* 24 600.0 ± 5.1 69.4 ± 4.5 93.3 ± 2.0 61.0 ± 4.5 59.6 ± 3.4 115.9 ± 7.9 
973** - 12.1 ± 0.6 24.6 ± 9.0 2.2 ± 0.2 17.1 ± 2.8 - - 
*
 The sample was analysed after annealing at 1123 K during 24 h. 
**
 The sample was analysed by DSC technique in the temperature range of 298-973 K in an argon 
atmosphere with a constant heating rate of 4 Kmin-1. 
 
The crystallite size of the major Fe3Si phase remained almost constant, about 9 nm, 
after annealing for 1 h at temperatures between 773 and 873 K. In this temperature range, Nb 




Furthermore, the crystallite growth increases rapidly above 923 K. This coincides well 
with formation of the Fe16Nb6Si7 phase. The sample annealed at 1123 K for 24 h (Fig. 3.3.5) 
displayed besides the Fe–Si phase only minor contributions of other phases (ranging from 0.5 
to 7.6 wt % for each phase). The resulting diffraction pattern (Fig. 3.3.5) reveals very sharp 
and intense peaks belonging to the major, well crystallized, Fe3Si phase. This indicates, as the 
Rietveld refinement confirmed, that further grain growth occurred during heating treatment. 
The final value of the crystallite size (24 h dwell) for the major phase reached 600.0 ± 5.1 nm 
with 87.1 ± 0.4 wt % relative phase contribution. 
    
  
Fig. 3.3.5: XRD pattern of the Fe73.5Cu1Nb3Si15.5B7 alloy sample heated for 24 h at 1123 K. 
 
Evolution of the lattice constant a for the Fe–Si phase (DO3 structure) as determined 
by the Rietveld procedure is displayed in Fig. 3.3.6. According to the relation derived in 







Fig. 3.3.6: Lattice constant a, of the cubic Fe-Si phase and corresponding content of Fe, plotted as a 
function of the heating temperature. 
 
It is most likely that during crystallization Si initially diffuses from the crystalline Fe–
Si phase to Nb-rich grain boundaries and with rise the temperature (above 923 K) forms two 
new phases, Fe5Si3 and Nb5Si3. As a consequence, the Fe content in the Fe–Si phase increases 
from 75 % to 80 % with an increase in temperature, and the cell parameter increases from 
5.676 to 5.692 Å. It should be noted, that minor changes of the lattice constant could also be 
caused by minor incorporation of Nb and B into the Fe–Si phase, but this effect should be 
significantly smaller. 
 
3.3.3.3 Scanning electron microscopy 
 
SEM micrograph of the sample surface after heat treatment for 24 h at 1123 K (Fig. 
3.3.7) shows the presence of crystal grains of different shapes and shadings corresponding to 
the different phases found by XRD analysis. The corresponding EDX analysis showed 
significant variations in composition. The black rifts in the sample surface are enriched with 
Si, Nb and Fe. The white, large and almost spherical particles contain Cu exclusively. EDX 
analysis of the dark-grey, basic area shows mainly Si and Fe content while in the needle-like 




leads to generation of atomic pairs (Nb–Fe, and Nb–B), leading to the formation of a highly 
dense amorphous random packed structure, which results in high microhardness. Fe–Cu–Nb–
Si–B metallic glasses are well known as very hard (Vickers hardness higher than 800 HV), 
but brittle materials (Martienssen, 2005). 
 
    
Fig. 3.3.7: SEM micrograph of surface, after heat treatment at 1123 K for 24 h. 
 
Annealing of the amorphous material at 753 K led to the beginning of crystallization. 
As a result of the atomic rearrangement a partially crystalline material was formed with a 
large number of dislocations, accompanied by a reduction in ductility. 
The dislocation density decreases with the increase of annealing temperature, as it can 
be seen from Table 3.3.4. This is strongly related to the crystallite size growth and the total 
crystalline to amorphous phase volume ratio, leading to the decrease of the mechanical 















Table 3.3.4: Dislocation density for the Fe73.5Cu1Nb3Si15.5B7 alloy after heat treatment (experimental 

















Dislocation density [m-2] 
773 3.70·1016 - - - - - 
813 3.26·1016 -  - - - 
873 3.40·1016 1.88·1017 - - - - 
923 8.77·1015 5.06·1016 1.07·1017 1.48·1017 - - 
973 5.22·1014 8.62·1016 7.28·1015 5.82·1015 3.04·1015 2.23·1016 
1023 5.03·1013 5.87·1015 4.69·1015 3.97·1015 1.49·1015 1.01·1015 
1073 1.39·1013 2.22·1015 1.21·1015 1.49·1015 1.37·1015 9.23·1014 
1123 1.09·1013 1.84·1015 7.14·1014 1.01·1015 1.49·1015 2.25·1014 
1123* 8.33 ·1012 6.23 ·1014 3.45·1014 8.06·1014 8.45 ·1014 2.23·1014 
973** - 2.05·1016 4.96·1015 1.03·1016 - - 
*
 The sample was analysed after annealing at 1123 K during 24 h. 
**
 The sample was analysed by DSC technique in the temperature range of 298-973 K in an argon 





During the structural transformations of the Fe73.5Cu1Nb3Si15.5B7 alloy, the system 
changed from an as deposited amorphous alloy to an annealed material exhibiting lower 
excess of free energy. The primary crystallization started by formation of Fe3Si phase (face-
centred structure) in an amorphous matrix. At higher temperatures (above 920 K) the content 
of Fe3Si phase is almost constant, accounting for 85 wt % of the crystalline phases. 
Additionally, new phases FeCu4, Fe16Nb6Si7 and Fe2B were detected. With further annealing 
above 923 K, Si diffuses from the Fe–Si phase to the Nb-rich grain boundaries, and has been 
involved in formation of the new minor phases Fe5Si3 and Nb5Si3. The sample of alloy 
annealed for 1 h under vacuum, at 973 K, and then quenched at room temperature, was 
compared with the sample of alloy annealed by heating up to 973 K under Ar at a constant 
heating rate of 4 K min−1 during DSC analysis. It was found that in both cases the dominant 
phase was Fe3Si (more than 80 wt % content). However, the crystallite size of this phase for 
the annealed sample was significantly larger (75.8 ± 2.6 nm) than for the DSC sample (12.1 ± 
0.6 nm). It is most likely that the duration of the thermal treatment as well as the annealing 
atmosphere affected the final crystallite size. The slow heating during DSC analysis induced a 
large number of crystallization seeds, which resulted in a smaller final crystallite size. The 




increased with the increase of temperature and the duration of thermal treatment, reaching 
more than 500 nm when annealed for 1 h at 1123 K. The samples annealed in technical 
vacuum underwent surface crystallization, with the final grain size increased by expansion 





























3.4 The influence of thermal treatment on structure development and mechanical 




Thermally induced crystallization of amorphous alloys often leads to the evolution of 
nanocrystalline microstructures, which give rise to excellent physical, chemical and 
mechanical properties. The microstructure attained is strongly influenced by the annealing 
temperature and annealing conditions, thus a study of its evolution and the understanding 
mechanisms of nanocrystallization can provide good guidance for tailoring the functional 
material of desired properties. The soft magnetic amorphous alloys have been widely studied, 
since they possess superior magnetic properties and the potential for application in power 
electronic components (Nikolov, 2009, Gavrilović, 2010, Minić & Gavrilović, 2009). These 
materials have many technical advantages over traditional soft magnetic iron alloys: very high 
permeability, high saturation induction, low coercitivity field strengths, low magnetic reversal 
losses, low eddy current losses and high Curie temperature (see, for example, Martienssen, 
2005). The Fe-based glassy alloys such as Finemet® (Fe73.5Cu1Nb3Si13.5B9) and 
(Fe73.5Cu1Nb3Si15.5B7) Vitroperm® contain small amounts of Cu immiscible with Fe and Nb. 
Cu and Nb despite their small contents significantly affect the crystallization process and are 
responsible for the nanocrystalline structure of these alloys and hence their desirable soft 
magnetic properties. Thus, the role of Nb and Cu in nanocrystallization is of great interest. 
Almost ten years ago, (Ayers, 1998) found from extended X-ray absorption fine structure 
(EXAFS) measurements that Cu clusters in the Fe-Nb-Cu-Si-B alloys with very similar 
atomic mass compositions were formed during the heat treatment in an early stage of the 
crystallization process. There was some evidence that these clusters are present even in the as 
prepared amorphous alloy. Further heating initiates the formation of Fe-Si nanocrystals in 
intimate contact with Cu clusters. As the Fe-Si nanocrystals grow, they expel Cu into the 
phase boundary space. From the other side, Hono (Hono, 1999, Hono & Ping, 1999) suggest a 
very similar model of Cu clustering in the early stage of crystallization in the Fe-Nb-Cu-Si-B 
alloys. According to these authors, the initial amorphous phase is a chemically uniform 
amorphous solid solution. By annealing, Cu clusters formed in a fully amorphous matrix. 
Subsequently, the concentration of Cu in the clusters increased. Finally, the FCC–Cu particles 
were present in direct contact with the Fe-Si grains, but not entirely enveloped within the Fe-




cluster formation and the crystallization process of the amorphous Fe73.5Cu1Nb3Si15.5B7 alloy 
in the temperature range of 693-1123 K, especially the understanding of the mechanism of the 
nanostructure development and relation of the formed nanostructure with mechanical 
properties. 
 
3.4.2 Experimental procedures 
The amorphous samples with a stoichiometric composition Fe73.5Cu1Nb3Si15.5B7 were 
prepared by means of rapid cooling of a melt on a rotating disc in the form of ribbons with 
dimensions of 2.5 cm lateral width and 35 µm thickness. The chemical composition of the 
alloy was examined using energy dispersive X-ray spectroscopy (EDX). The as quenched 
ribbon samples were sealed in quartz tubes under technical vacuum and isothermally annealed 
for 1 hour. 
Thermal analysis of the sample was conducted by DSC technique using a DSC-204 C 
device (Netzsch, Germany) in the temperature range 400-970 K under an Ar atmosphere at a 
constant heating rate of 7 K min-1. A slow heating rate increased sensitivity for detection of 
smaller exothermic and endothermic changes in DSC. 
XRD experiments were performed on an X-Pert powder diffractometer using CuKα 
radiation in Bragg-Brentano geometry at 40 kV and 30 mA. The measurements were 
conducted in step scan mode at intervals of 0.05 ° (2θ) with a measuring time of 30 s /step.  
The TOPAS V3 general profile and structure analysis software for X-ray powder 
diffraction data was used for the Rietveld refinement (Bruker AXS, 2005). 
The Vickers microhardness tests were performed with a microhardness tester MHT-10 
(Anton Paar, Austria) with loads of 40 p and 10 s enforcing time. The mean value of seven 
measurements was used.  
The focused ion beam (FIB) technique (Quanta 200, 3D device, FEI Netherlands) was 
used for cross section preparation. The Ga* ion beam was focused perpendicularly to the 
surface. An ion current of between 7.1 nA and 0.3 nA was used for cutting of, and between 10 
pA and 30 pA for imaging. 
Electron backscatter diffraction (EBSD) device also known as a backscattered Kikuchi 
diffraction (BKD), attached to a Philips XL30 environmental scanning electron microscope 




3.4.3 Results and discussions 
 
3.4.3.1 DSC analysis and some characteristic temperatures of the alloy (glass transition 
temperature, Curie temperature and crystallization temperatures) 
 
According to DSC analysis related to the Fe73.5Cu1Nb3Si15.5B7 alloy, slow heating rates 
(7 K min-1) induce a series of stepwise structural transformations consisting of endothermic 
peaks and more pronounced exothermic peaks in the broad temperature range of 400-970 K 
(Fig. 3.4.1). 
     
  
Fig. 3.4.1: DSC of as prepared alloy at heating rate 7 K min-1. 
 
The first endothermic peak represents the Curie temperature around Tc= 550 K, followed 
by the glass transition temperature Tg= 740 K.  Study of Tc during relaxation together with 
some structural data may lead to a better understanding of the process of clustering in the 
amorphous phase preceding the nanocrystalline structure formation. The process of 
crystallization involves three well-defined broad asymmetric exothermic peaks (Tk1= 800 K, 








3.4.3.2 XRD analysis 
 
XRD investigations of the as prepared Fe73.5Cu1Nb3Si15.5B7 alloy confirmed the absence 
of long range ordering (Gavrilović, 2010). The FIB imaging conducted in combination with 
EDX and EBSD analysis confirmed the presence of Cu clusters and the formation of Fe-Si at 
early annealing stages. Fig. 3.4.2a shows that small Cu clusters are already present embedded 
in the amorphous matrix at 693 K. The Cu clusters as can be seen in the FIB image are 
present in the form of small, bright, spherical particles distributed randomly along the cross 
section of the sample. The dark shaded regions randomly distributed (Fig. 3.4.2b) correspond 
to the Fe-Si phase. 
XRD analysis of the sample annealed at 753 K confirmed that besides the amorphous 
fraction of the material a crystalline Fe-Si phase (FCC structure) was also present as the Fe3Si 
phase (entry PDF 03-065-0146 in ICDD database). In previous chapter (see, for example, 
3.3.3.2), microstructural transformations upon annealing were explained more in details. It 
was found that structural composition remained unchanged up to 873 K, when formation of 
the crystalline phase FeCu4 (ICDD-PDF 03-065-7002) started. At 923 K, diffusion of B and 
Nb atoms into the Fe matrix led to the formation of two new phases: Fe16Nb6Si7 (ICDD-PDF 
00-053-0459) and Fe2B (ICDD-PDF 00-036-1332). Annealing at 973 K gave rise to two 
phases in trace contents: Fe5Si3 (ICDD-PDF 03-065-3593) and Nb5Si3 (ICDD-PDF 03-065-
2785). 
 
3.4.3.2. Focused ion beam microscopy 
As it can be seen from Figs. 3.4.2b and 3.4.2c the Cu clusters grow at the expense of 








Fig. 3.4.2: FIB images of the cross sections of the samples at different stages of annealing: a) for early 






The typical structure of the Fe73.5Cu1Nb3Si15.5B7 alloy thermally treated at 1123 K for 
24 h as resolved from the FIB image (Fig. 3.4.3) consists of small, equi-axial grains with a 
homogeneous distribution (1µm in size and less). EDX analysis showed that the bright twin-
grain at the upper part of the sample surface is Cu enriched. 
    
Fig. 3.4.3: Cross section prepared using FIB technique (30 kV, 30 pA) of the specimen heated at 1123 
K for 24 h. 
Since the investigated sample was thermally treated at a comparatively high temperature 
for quite a long time it is very likely that the Cu clusters, which were not associated with the 
FCC Fe-Si crystallites at the beginning, grow at the expense of the smaller Cu clusters. This 
“Ostwald ripening” is the reason for such high purity of Cu grains. The applied EBSD 
analysis enabled the phase identification (Fig. 3.4.4) and confirmed that randomly distributed 




    
Fig. 3.4.4: The EBSD image from a Cu grain (corresponding Kikuchi lines). 
 
 
XRD analysis (Fig. 3.4.5) shows that heating of the Fe73.5Cu1Nb3Si15.5B7 alloy at 1123 K 
for 24 h resulted in a formation of the following phases: Fe3Si, FeCu4, Fe16Nb6Si7, Fe2B, 
Fe5Si3, and Nb5Si3. It should be noted that even the relatively large Cu crystallites could not 
be detected by XRD analysis due to their low average amount in the material (around 1 at %).
            
   




3.4.3.4 Vickers hardness analysis 
The Fe-Cu-Nb-Si-B metallic glasses are known as hard but very brittle materials 
(Vickers hardness higher than 800 HV) (Martienssen, 2005). This is a result of high numbers 
of dislocations accompanied by a reduction in ductility. 
XRD data of alloys annealed in the temperature range 273-1123 K showed that 
samples with the optimum properties consisted of a nanocrystalline ferromagnetic α-Fe-Si 
solid phase (volume fraction 60-65 %) with an average grain size of typically 10 nm 
embedded in an amorphous matrix. The increased formation of α-Fe-Si nanocrystallites from 
the amorphous phase in the temperature range 753-873 K reduces the content of α-Fe and Si 
in the remaining relaxed amorphous matrix. This evidently leads to an increase in hardness 
(Fig. 3.4.6). Furthermore, the particle size of Fe-Si nanocrystallites is comparable to, or 
smaller than, the thickness of the shear deformation band. For this reason, shear deformation 
becomes more difficult in the mixed phase alloy consisting of nanoscale Fe-Si embedded in 
an amorphous matrix, than in a single amorphous phase, and the alloy becomes stronger. A 
homogeneous dispersion of rigid particles with free defects may act as an effective barrier 
against deformation of the amorphous matrix. The hardening behavior can be dominated by 
the shear deformation mechanism when Dhkl < δ, where δ is an optimal value (see, for 
example, Trexler 2010, Sun, 1996). In a second stage (Dhkl > δ, T > 873 K) when the hardness 
of the alloy starts to decrease, the hardening behavior is determined by the dislocation density. 
The corresponding values are presented in Table 3.3.4 in previous chapter of this work. It was 
found, that the microhardness decreases with larger crystallite size (Dhkl > 10 nm). The 
optimum crystallite size of Fe-Si particles is 10 nm; the optimum annealing temperature is 





Fig. 3.4.6: Vickers microhardness of Fe73.5Cu1Nb3Si15.5B7 alloy displayed as a function of the 
annealing temperature and the crystallite size of Fe3Si phase. The measured values of Vickers 
microhardness are denoted with a square symbol while the crystallite size values as obtained from the 




In the early annealing stage, the amorphous alloy Fe73.5Cu1Nb3Si15.5B7 undergoes a 
specific nucleation process where Cu clusters precipitate from the amorphous matrix. Further 
heating initiates partial crystallization by formation of Fe-Si nanocrystallites in intimate 
contact with Cu clusters. The presence of Cu clusters and formation of Fe-Si nanocrystallites 
at early annealing stages by using the FIB imaging was showed, too. The Kikuchi lines 
analysis confirmed randomly distributed Cu enriched grains with FCC structure. It was found 
that the hardening process consists of two stages. For T < 873 K and Dhkl < 10 nm, the 
hardening behavior is controlled by a shear deformation mechanism in the amorphous matrix. 
The nanoscale Fe-Si particles homogeneously dispersed in the amorphous matrix act as an 
effective resistance to suppress shear sliding of the amorphous matrix. For T > 873 K and Dhkl 
> 10 nm, the hardening behavior is dominated by the dislocations movement, which in 
combination with appearance of the other crystalline phases upon annealing leads to the 
decrease of hardness with increase of crystallite size Dhkl. The optimum crystallite size of Fe-









The corrosion resistance of amorphous Fe-B-Si-Nb-Cu alloys is subjected to the specific 
chemical composition, stability and elemental homogeneity. It is generally known, that 
amorphous metallic alloys have higher corrosion resistance than crystalline counterparts with 
similar elemental composition, since they have no grain boundaries or crystalline defects that 
could act as corrosion initiation sites. However, the best soft magnetic properties, such as high 
saturation magnetization and high permeability, are found not in the amorphous but rather the 
nanocrystalline state of these alloys, which can be obtained by controlled annealing of an 
amorphous alloy at high temperatures (Wang, 1997, Bigot, 1994, Randrianantoandro, 2002). 
Numerous publications describe superior soft magnetic and mechanical properties of Fe-based 
amorphous and nanocrystalline materials (Bordin, 2001, Miao, 2011, Madej, 2008, Roth, 
2006, Polak, 1994, Panda, 2004, Wang, 2005, Sort, 2004). The corrosion of Fe-based 
amorphous alloys and its influence on magnetic behaviour was also a topic of many 
investigations (Wang, 2010, Lekatou, 2009, Baron, 2007, Chattoraj, 1999, Szewieczek, 2005). 
There are still broad areas, however, where understanding is incomplete, particularly on the 
corrosion behaviour of nanocrystalline Fe-based soft magnetic alloys formed at high 
annealing temperatures, which exhibit specific phase compositions and microstructures. Such 
studies are essential for better understanding of the corrosion mechanisms of these alloys 
under normal working conditions and hence improving their practical longevity. In their 
widespread technological applications, Fe-based nanocrystalline alloys are often exposed to a 
wet industrial or marine atmosphere that contains chloride ions. In such environments, the 
corrosion resistance of nanocrystalline ferromagnetic materials generally depends on their 
microstructure and phase compositions (Baron, 2007). Elevated temperatures in combination 
with atmospheric corrosion can induce structural transformations of the alloy surface, which 
lead to deterioration of the physical properties. This can result in sudden, catastrophic failure. 
Hence, the objective of this chapter was a detailed investigation of the corrosion properties of 
a commercial Fe73.5Cu1Nb3Si15.5B7 alloy, with respect to the microstructure and phase 
composition. 
In 1988, Yoshizawa et al. (Yoshizawa, 1988), found that the partially crystallized Fe-




small amounts of Cu and Nb. The primary crystallization product was an FCC, Fe-Si phase 
with about 10 nm crystallite size, embedded in an amorphous matrix. The role of Cu and Nb 
additions in crystallization and microstructural transformations and their further influence on 
mechanical properties at higher annealing temperatures were the subject of previous study 
(see, chapter 3.3 and 3.4). The appearance of nanocrystalline Fe-Si phase introduces 
heterogeneity in the alloy. It is to be expected that this will change the corrosion resistance. 
Subsequent phase transformations at higher annealing temperatures (T > 873 K) produce 
various intermetallic compounds (Gavrilović, 2010). Potentiodynamic polarization curves in 
0.5 M NaCl solutions, of the alloy after annealing at given temperatures are reported in 
relation to the microstructural changes and phase composition. 
Raman spectroscopy is a powerful surface analysis technique to study different species 
formed on the alloy surface during corrosion (Sherif, 2010, Dubois, 2008, Hayez, 2004). In 
this study, the Raman method was used ex situ to characterize corrosion products. 
 
3.5.2 Experimental procedures 
 
An amorphous metallic alloy of chemical composition Fe73.5Cu1Nb3Si15.5B7 was obtained by 
melt-spinning in the form of a ribbon of 25 mm width and 35 µm thickness. The ribbon 
samples, as prepared, were introduced into quartz tubes and sealed under technical vacuum to 
avoid oxidation during annealing. Samples were placed in a pre-heated oven and held at a 
constant temperature for 1 h. Subsequently they were quenched in water to room temperature.  
The phase composition of the alloy was evaluated by XRD using Cu Kα radiation in 
Bragg-Brentano geometry at 40 kV and 30 mA. The measurements were conducted by an X-
Pert powder diffractometer (PAN-alytical, Netherlands) in step scan mode at intervals of 
0.05° in 2θ with a measuring time of 30 s/step. 
The electrochemical behaviour and corrosion process were studied in aqueous chloride 
solution (0.5 M NaCl). The ribbons of alloy (working electrodes) were masked with an inert 
protective resin, to expose an active surface of about 0.5 cm2 geometric area. Polarization 
curves were obtained after holding the sample at open circuit potential for 5 min. The alloy 
was then swept at a rate of 1 mV s-1 from the cathodic to anodic potentials. In order to avoid 
total anodic dissolution of the thin samples, the scan rate was chosen to be slightly higher than 
that normally employed. However, the scan was slow enough for the detection of passivation. 




using a Jaissle Potentiostat-Galvanostat (IMP 88 PC). The counter electrode was glassy 
carbon. 
The surface of amorphous and devitrified samples after anodic polarization experiments, 
were analysed with an XL 30 ESEM-FEG (environmental scanning microscope with field 
emission gun, manufactured by FEI, Netherlands) equipped with an energy dispersive X-ray 
spectrometer from EDAX. The samples were inspected using 10 kV and 20 kV acceleration 
voltages at magnifications of 100, 500, 5000 and 20000. 
Raman characterization was performed in order to get information about corrosion 
products using a Horiba Jobin Yvon (LabRam ARAMIS) spectrometer equipped with edge 
filters to remove the Rayleigh line. Raman photons were collected with a cooled CCD. 
Measurements were carried out with spectrometer grating 1200, spectrometer entrance slit 
200 µm, confocal hole 500 µm, objective (Olympus Fuotar) 100, and with a measurement 
time per spectrometer part 350 s, with 3 times averaging. In all cases the excitation light was 
the blue line of a solid state laser (473 nm). Due to the fact that oxides and oxyhydroxides of 
iron are sensitive to thermal transmisions even at low laser power, where temperature rise 
induces a transformation to the most stable phase – haematite; experiments were carried out 
with low laser power by using intensity attenuation filter D2 (10000) with high working 
distance. 
 
3.5.3 Results and discussions 
 
3.5.3.1 XRD analysis 
 
The XRD pattern of the as prepared alloy confirmed the absence of a long range 
ordering structure, characteristic for an amorphous state of the ribbon (Fig.3.5.1). In previous 
study concerning the crystallization of Fe73.5Cu1Nb3Si15.5B7 alloy, it was explained in more 
detail the microstructural transformations upon annealing in the temperature range from 295-
1123 K. During heat treatment of Fe73.5Cu1Nb3Si15.5B7 alloy, Cu atoms segregate and act as a 
nucleation centres. The spatial distribution of the Cu clusters was observed via focused ion 
beam (FIB) imaging already at early annealing stages (see, chapter 3.4), however these 
clusters were at too low concentration (1 at%) to be observed as a distinct phase by XRD. 
Further annealing of the alloy at 753 K for 1 h triggered formation of the Fe-Si primary 




pattern for Fe3Si (ICDD-PDF 03-065-0146).      
   
Fig. 3.5.1: XRD patterns of the Fe73.5Cu1Nb3Si15.5B7 alloy as prepared and after annealing at 753 K for 
1 h. 
Furthermore, it was found that structural composition remained unchanged up to 873 K, 
when formation of the crystalline phase FeCu4 (ICDD-PDF 03-065-7002) started (Fig. 3.5.2). 
Rietveld analysis of the diffraction patterns obtained for samples annealed at 773 K, 813 K 
and 873 K revealed an increase in the relative weight contribution of the Fe3Si phase, 
although the average crystallite size remained almost constant (about 9 nm) over this 
temperature range. The increased fraction of Fe3Si nanocrystallites relative to the amorphous 
phase after annealing in the temperature range of 753–873 K reduced the content of Fe and Si 
in the remaining relaxed amorphous matrix. At 923 K, diffusion of B and Nb atoms led to the 
formation of two new phases: Fe16Nb6Si7 (ICDD-PDF 00-053-0459) and Fe2B (ICDD-PDF 
00-036-1332). Annealing at 973 K gave rise to two further phases in trace amounts: Fe5Si3 




   
Fig. 3.5.2: XRD pattern of the Fe73.5Cu1Nb3Si15.5B7 alloy sample annealed at 873 K for 1 h. 
 
This crystalline phase composition remained unchanged for the alloy heat treated at 
1123 K for 1h (Fig. 3.5.3).         
   





As will be discussed, such multiple stage crystallization upon annealing significantly 
affects the electrochemical response of the Fe73.5Cu1Nb3Si15.5B7 alloy. 
3.5.3.2 Corrosion resistance evaluation via potentiodynamic polarization 
The potentiodynamic polarization experiments were carried out, in 0.5 M NaCl 
solution, on alloy in completely amorphous to fully crystallized states (Fig. 3.5.4). In this 
way, it was possible to compare the differences in the corrosion resistance dependent on alloy 
composition, microstructure development and on the crystalline state. 
  
Fig. 3.5.4: Anodic polarization curves, in 0.5 M NaCl aqueous solution at 1 mV s-1 sweep rate, of 
Fe73.5Cu1Nb3Si15.5B7 alloy after 1 h annealing at temperatures up to 1123 K. 
 
The experimental conditions (annealing temperature, time), phase compositions and 









Table 3.5.1: Annealing conditions, correspondent phase compositions, corrosion potential Ecorr, 
corrosion current density jcorr, and equivalent corrosion rate vcorr, for Fe73.5Cu1Nb3Si15.5B7 amorphous 
and crystallized samples, calculated from potentiodynamic polarization curves. 
Heat treatment 
parameters 















as quenched - amorphous -418 5.5 0.067 
753 1 nanocrystalline 
Fe3Si + 
amorphous 
-435 13 0.16 
873 1 Fe3Si + FeCu4 + 
amorphous 
-370 0.3 0.004 
923 1 Fe3Si + FeCu4 + 
Fe16Nb6Si7 + Fe2B 
-505 9 0.11 
973 1 Fe3Si + FeCu4 + 
Fe2B + 
Fe16Nb6Si7 + 
Nb5Si3 + Fe5Si3 
-533 20 0.24 
1123 1 same as for 973 K -560 85 1.0 
 




=         (3.5.1) 
Where Aw is the average atomic weight of the dissolving component (in this case 
taken as Fe, i.e. Aw = 55.85), ρ is the alloy density (7.54 g cm-3), F is Faraday’s constant 
(96500 C mol-1), n is the number of electrons transferred in the oxidation process, taken here 
as 2, following the most probable equation for iron oxidation: 
Fe ↔ Fe2+ + 2e- 
The observed decrease in corrosion resistance of the alloy after the heat treatment up 
to 753 K (as indicated by the higher jcorr and lower Ecorr) in comparison to the corrosion 
resistance of the alloy in the as prepared state, can be attributed to the increased number of Cu 
clusters and the first appearance of the Fe3Si phase. Marzo et al. (Marzo, 2003) have 




FINEMET type of alloys. They suggest that the corrosion behaviour depends essentially on 
the density and the size of Cu clusters as they serve as heterogeneous nucleation sites for 
Fe3Si nanocrystallites. The increase of annealing temperature induces growth of Cu clusters 
and thus introduces nanoscale heterogeneity in the amorphous matrix phase. A difference in 
open-circuit electrochemical potentials between regions in the amorphous matrix leads to 
electrochemical corrosion. 
3.5.3.3 SEM analysis and Raman spectroscopy 
SEM inspection of the sample surface of the as prepared Fe73.5Cu1Nb3Si15.5B7 alloy, 
after potentiodynamic polarization, reveals the presence of a loosely adhered partial film over 
a base material (Fig. 3.5.5a and 3.5.5b). 
a)  
b)  
Fig. 3.5.5: a) Scanning electron micrograph of the surface of an as prepared Fe73.5Cu1Nb3Si15.5B7 alloy 
after polarization in 0.5 M NaCl solution. b) Same as for micrograph (a) but at higher magnification. 




From EDX analysis, the flaky surface material designated as “A” (Fig. 3.5.5b), had 
very low Fe content, presumably through dissolution, leaving a predominantly oxidized 
silicon residue. The high ratio of oxygen to silicon (Table 3.5.2) may be understood if the 
flakes comprised a porous hydrated silica framework (hydrogen cannot be detected by EDX). 
It should be noted that Raman analysis did not reveal the presence of silica. Such observations 
are consistent whit the hydrated silica possessing a non-crystalline structure. The elemental 
analysis of the underlying surface (designated as “B”) shows an intermediate composition 
between that of the bulk starting (as prepared) alloy and the silica flakes. The general 
appearance and distribution of the deposits and the underlying surface is indicative of uniform 
corrosion of the alloy followed by cracking and detachment of some of the corrosion 
products. 
Table 3.5.2: The elemental analysis of the as prepared alloy and after polarization in 0.5 M NaCl 
solution carried out by EDX. The flaky surface material is designated as “A” in Fig. 3.5.5b, and “B” 
corresponding to the composition of underlying surface in the same scanning electron micrograph. 
Composition [at %] 
Fe Cu Nb Si B O  
as prepared 73.5 1 3 15.5 7 - 
A 0.8 - 5.1 22.7 - 65.8 
B 54.9 1.5 3.1 13.5 -  
 
As mentioned before, heat treatment of the alloy at 753 K led to the formation of a 
mixed structure of nanoscale Fe3Si crystallites in an amorphous phase of the remaining 
material. Further heating (up to 873 K) resulted in an increase in the number of Fe3Si 
nanocrystallites. An increase of the cumulative fraction of Fe3Si phase corresponds well with 
the increase in corrosion resistance. This behaviour suggests a strong influence of the 
appearance and quantity of the Fe3Si phase. Significant oxidation of Fe eventually led to the 
formation of an α-FeOOH adsorbed film. Existence of this phase on the surface of the 
amorphous (as prepared) sample after anodic polarization, as well as on the surface of the 
sample annealed at 753 K after polarization was confirmed by Raman analysis (Fig. 3.5.7). 
The formation of a so-called Goethite phase (α-FeOOH) hindered further iron dissolution. 
From the above results, one question logically arises: if the presence of nanocrystalline 




α-FeOOH, why does Raman analysis shows α-FeOOH even for the completely amorphous (as 
prepared) sample after polarization with no trace of an additional crystalline phase? 
One explanation would be that iron from the amorphous matrix, is also oxidized to α-
FeOOH but at a significantly lower rate in the absence of nanocrystalline Fe-Si. It should also 
be noted that α-FeOOH was not detected over the whole of the anodized amorphous material, 
due to the high degree of local Fe dissolution. 
  a)  
b)  
Fig. 3.5.6: a) Appearance of the sample surface observed under SEM for a partially crystallized alloy 
after annealing at 753 K for 1 h, and following anodic polarization in 0.5 M NaCl solution. The dark 
striations are rich in oxidized silicon. b) As (a) but at higher magnification showing detail of the dark 





Fig. 3.5.6a and 3.5.6b show scanning electron micrographs obtained for a sample heat 
treated to 753 K for 1 h. The electrochemical treatment leads to the formation of regions rich 
in oxidized silicon. Such regions can be recognized as dark shaded stripes (designated as “A”) 
in the back-scattered electron images. 
EDX elemental analysis of the light shaded regions between the SiO2 stripes 
(designated as “B”) displays no significant deviation in elemental comparison to the starting 
alloy, except that iron that was present in a somewhat smaller concentration (69 at %). Small 
cubic particles of NaCl were observed over the sample surface, presumably from the 
electrolyte. 
In accordance with Baron et al. (Baron, 2007) it was found that after initial formation 
of α-FeOOH, polarization to higher potentials caused the formation of a stable composite 
layer consisting of Fe3O4 (Magnetite) and SiO2 which displayed some corrosion inhibiting 
properties. The presence of Fe3O4 together with α-FeOOH phase at the surface of samples 
annealed at 873 K and 1123 K after anodic polarization was confirmed by means of Raman 
spectroscopy (Fig. 3.5.7). 
 
Fig. 3.5.7: Representative Raman spectra obtained from the surface of Fe73.5Cu1Nb3Si15.5B7 alloy 
following heat treatment up to 1123 K and after anodic polarization in 0.5 M NaCl solution. 
Electrochemically treated samples were in amorphous (as prepared) state, annealed at 753 K 
(crystallization onset), 873 K (the highest corrosion resistance) and 1123 K (the highest annealing 




As can be seen from Table 3.5.1, annealing at higher temperatures (> 873 K) was 
detrimental to the corrosion resistance of the
 
alloy. Formation of new crystalline phases 
introduced significant number of grain boundaries and crystalline defects that act as a 
corrosion initiation sites. Furthermore, six different crystalline phases with different standard 
redox potentials create many possibilities for enhanced local galvanic corrosion. Generally, it 
is recognized that B decreases corrosion resistance, while Nb and Si have beneficial effects. 
However, it is very hard to distinguish between the individual influences of each crystalline 
phase on corrosion resistance in such a complex system. 
SEM analysis of the sample thermally treated at 1123 K for 1 h and subjected to the 
potentiodynamic polarization in 0.5 M NaCl solution reveals (Fig. 3.5.8) a surface consisting 
of thin flakes (labelled “A”) on an underlying surface (labelled “B”). From the depth of 
shading in back scattered electron micrograph (Fig. 3.5.8b), it is clear that “A” contains less 
heavy elements than “B” –analogous to the as prepared sample (Fig. 3.5.5). In both cases it 
would appear that gradual dissolution of Fe from the base alloy leads to formation of thin 
flakes containing a high fraction of hydrated silica, which then become detached under 
continuing anodic treatment. As can be seen (Fig. 3.5.4) the anodic current remains roughly 
constant at potentials more positive than -400 mV vs. SCE, as would be expected for a surface 
undergoing a corrosion at a constant rate permitted by continuous detachment of the 
otherwise passivating silica layer. A detailed elemental analysis of the anodized surface was 









Fig. 3.5.8: a) Scanning electron micrograph of the surface of a completely crystallized alloy after 
annealing at 1123 K, following anodic polarization in 0.5 M NaCl solution. b) Higher magnification of 
a border area between the corrosion products, designated as “A” in the micrograph and underlying 
surface rich in oxidized silicon, designated as “B”. c) Higher magnification scanning electron 




designated as “C”, Cu-rich region is designated as “D”, both within a dark matrix rich in oxidized 
silicon designated as “E”. 
 
From the micrographs and EDX analysis, in contrast to the anodized amorphous material, 
the crystalline alloy shows clearly distinguished corrosion products. Dissolution of Fe into the 
solution as Fe2+ (and Fe3+) led to phases rich in oxidized Si and undissolved Cu and Nb (Fig. 
3.5.8c), depending on the composition of the original crystalline phases, as suggested in Table 
3.5.3 (boron was not possible to quantify by EDX). Thus, for example, under anodic 
conditions the Fe in the FeCu4 crystalline phase dissolved to leave Cu-rich regions (designated 
as “D”), which appear as pale, roughly spherical particles in Fig. 3.5.8c. 
Table 3.5.3: The elemental analysis of the as prepared alloy (for comparison) and anodized surface of 
the alloy after annealing at 1123 K, carried out by EDX. The corrosion products are designated as: 
“B”, “C”, “D” and “E” in Fig. 3.5.8b and 3.5.8c. 
Composition [at %] Suggested original phase 
Fe Cu Nb Si B O  
as prepared 73.5 1 3 15.5 7 - 
 
Fe73.5Cu1Nb3Si15.5B7  amorphous 
B 28.4 - 4.9 21.6 - 43.8 Fe3Si, Fe5Si, Fe16Nb6Si7 
C 7.9 - 6.2 17.4 - 68.5 Fe16Nb6Si7 
D 6.0 15.4 3.3 12.7 - 39.0 FeCu4  





The corrosion resistance of the Fe73.5Cu1Nb3Si15.5B7 alloy is strongly related to the 
microstructure and phase composition of the material. The increase of an annealing 
temperature provoked formation of a higher number of Cu clusters, which in turn introduced 
nanoscale heterogeneity in the remaining matrix. Local differences in the electrochemical 
potentials between regions in the amorphous matrix could initiate galvanic corrosion as 
indicated by higher jcorr. Annealing from 753-873 K increased the corrosion resistance of the 
alloy, and corresponded to the increased formation of Fe3Si nanocrystallites and the formation 
of FeCu4 from the amorphous phase. Significant dissolution of Fe from the nanocrystalline 
phase into the solution, leads eventually to the formation of silicates with some α-FeOOH. 




composite layer consisting of Fe3O4 and SiO2 which displayed some protective properties. 
The presence of Fe3O4 together with α-FeOOH phase at a surface of samples annealed at 873 
K and 1123 K after the anodic polarization experiments was confirmed by means of Raman 
spectroscopy. The highest corrosion resistance of the Fe73.5Cu1Nb3Si15.5B7 alloy was observed 
for sample annealed at 873 K for 1h with a corrosion rate 0.004 mm a-1. Annealing of the 
samples at higher temperatures (> 873 K) proved detrimental to the corrosion resistance of the
 
Fe73.5Cu1Nb3Si15.5B7 alloy (jcorr increased monotonically to the highest annealing temperature 
used, 1123 K). Formation of six crystalline phases with different abilities to resist corrosion 
created suitable possibilities for local galvanic coupling. Interestingly the anodic corrosion 
products could be attributed to the parent crystalline phases in the annealed alloy. Grain 
boundaries and crystalline defects additionally accelerated the corrosion rate. The highest 























The research presented in this thesis was undertaken with the aim of getting better insight in 
the crystallization mechanisms and corresponding properties for the Fe89.8Ni1.5Si5.2B3C0.5, 
Fe75Ni2Si8B13C2 and Fe73.5Cu1Nb3Si15.5B7 amorphous and nanocrystalline alloys upon 
annealing. All samples were fabricated via melt-spinning technique in ribbon form. 
Subsequently, the samples were thermally treated under vacuum at different temperatures in 
the range from 295-1123 K. 
The influence of different stoichiometry of the Fe-Ni-Si-B-C alloys on a thermal stability has 
been investigated by DSC technique. The as prepared samples of Fe89.8Ni1.5Si5.2B3C0.5 and 
Fe75Ni2Si8B13C2 alloy were thermally treated in the DSC cell at four heating rates: 5 Kmin-1, 
10 Kmin-1, 20 Kmin-1 and 40 Kmin-1. For both alloys, all DSC curves showed two well 
formed crystallization peaks indicating the multi-stage crystallization processes. However, the 
values of activation energy of the crystallization reaction determined by the Kissinger and 
Ozawa peak methods were some higher for the Fe89.8Ni1.5Si5.2B3C0.5 alloy. In order to 
understand the crystallization mechanisms, analyses of the XRD patterns of each alloy heated 
isothermally at different temperatures, before and above the crystallization peaks in the DSC 
scan were performed. It was found that the onset of crystallization for the Fe89.8Ni1.5Si5.2B3C0.5 
amorphous alloy started at 753 K. XRD study of the Fe75Ni2Si8B13C2 alloy revealed slightly 
earlier onset of crystallization in comparison with the Fe89.8Ni1.5Si5.2B3C0.5 alloy. Namely, for 
the alloy with higher atomic contribution of Ni, Si, B and C, the thermally induced structural 
changes started already at 723 K. 
Detailed study of crystallization kinetics, mechanical properties and corrosion behaviour of 
Fe73.5Cu1Nb3Si15.5B7 alloy was also conducted. Besides the XRD and DSC analysis, several 
techniques such as SEM, FIB, Raman spectroscopy, Vickers microhardness and 
electrochemical corrosion-resistance test have been employed. DSC analysis revealed three 
well defined exothermic peaks indicating a stepwise process of crystallization of the alloy. 
The presence of Cu clusters at early annealing stages was confirmed by FIB imaging. The 
primary crystallization started at 753 K with formation of Fe-Si nanocrystallites in intimate 
contact wit Cu clusters. At higher temperatures (between 780 and 920 K) in addition to the 
Fe-Si phase, three new phases: FeCu4, Fe16Nb6Si7 and Fe2B appeared. Further annealing 
above 923 K led to formation of two additional phases: Fe5Si3 and Nb5Si3. The Fe content in 




parameter. Vickers hardness tests showed high values depending on the annealing 
temperature. It was found that the hardening process includes two stages. For T<873 K, the 
nanoscale Fe-Si rigid particles homogeneously dispersed in the residual amorphous matrix act 
as an effective resistance to suppress shear sliding. This results in an increase of hardness 
upon annealing. For T>873 K, the hardening behaviour is dominated by dislocations 
movement, which in conjunction with appearance of the other crystalline phases leads to the 
decrease of hardness. The potentiodynamic polarization curves in 0.5 M NaCl solution before 
and after crystallization of Fe73.5Cu1Nb3Si15.5B7 alloy have been studied in relation to the 
microstructure and alloy composition. It was shown that the corrosion resistance of the alloy 
strongly depending of these two factors. The observed decrease in corrosion resistance after 
the heat treatment up to 753 K in comparison to the corrosion resistance of the alloy in the as 
prepared state was attributed to the increased inhomogeneity of the alloy that coincides with 
the first appearance of Fe-Si phase. After annealing at 873 K the lowest corrosion rate (0.004 
mm a-1) was observed. It was found that annealing of the samples at higher temperatures 
(T>873 K) proved detrimental to the corrosion resistance. Solid corrosion products formed on 
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